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Evidence for Two Distinct Enzyme Systems Forming 
Acetolactate in Aerobacter aerogenes* 


Y. S. Hatpernt anno H. E. UmpBarcert 


From the Department of Bacteriology and Immunology, Harvard Medical School, Boston, Massachusetts 


(Received for publication, March 24, 1959) 


The detection of acetoin in glucose-peptone broth cultures of 
Acrobacter aerogenes is commonly used by bacteriologists as an 
aid in distinguishing this organism from Escherichia coli. In 
1952, Juni (1) demonstrated that acetoin synthesis by enzymes of 
A. aerogenes consisted of the conversion of pyruvic acid to a- 
acetolactic acid followed by its decarboxylation. Since acetoin 
appeared only after the pH of the culture began to drop, it was 
of interest that these enzymes were most active at pH 5.5 to 6.0. 
E. coli, which did not form acetoin as a fermentation product, 
did not contain these enzymes. 

Interest in the biological function of acetolactate was renewed 
when Strassman et al. (2), on the basis of isotopic evidence in 
yeast, suggested this compound as an intermediate in valine bio- 
svnthesis in yeast. Later, experiments in this laboratory (3, 4) 
demonstrated in both &. coli and A. aerogenes an acetolactate- 
forming svstem that was concerned with valine biosynthesis. 
This svstem, unlike that studied by Juni, was active at pH 8.0. 

In this paper, evidence will be presented to support the view 
that A. aerogenes can form two separate enzyme systems for the 
synthesis of acetolactate. The properties of one of these systems 
(the pH. S enzyme) are similar to those of the system found in £. 
coli (3, 4), and therefore would appear to be concerned solely 
with the biosynthesis of valine. The second system (the pH 6 
enzyme) is similar to that found by Juni (1) to catalyze the first 
step in acetoin formation, a reaction classically recognized (5) 
as a mechanism for diverting glucose catabolism from acidic to 
neutral products. Evidence will also be presented which will 
indicate that, under certain conditions, this activity can serve a 
biosynthetic role. 


EXPERIMENTAL 


The organism used throughout this work was wild type A. 
aerogenes strain 1033. The bacteria were grown in the minimal 
medium of Davis and Mingioli (6), from which citrate was omit- 
ted and glucose or other compounds (as indicated in the text) 
were used as sources of carbon. The cultures were incubated at 
37° with rotary shaking. The cells were harvested by centrifug- 
ing, Washed once in distilled water, and finally suspended in 9'5 
the original volume of distilled water. These suspensions were 
then disrupted in a 10 ke. Raytheon magnetostrictive oscillator 


* This work was supported by funds received from United States 
Public Health Service Grants No. E140 and No. E2021. 

+ Fulbright Scholar, 1958-1959. The senior author wishes to 
express his sincere appreciation to Dr. B. D. Davis whose generous 
support made this visit possible. Present address, Department of 
Bacteriology, Hebrew University-Hadassah Medical School, 
Jerusalem, Israel. 

t Lederle Medical Faculty Award recipient. 


for 7 minutes and the bacterial debris was removed by centrifuga- 
tion for 15 minutes at 28,000 x g. 

In the enzyme assays, the reaction Was stopped by the addition 
of zine hydroxide. This procedure permitted protein removal 
without destroving the acetolactate formed. After centrifuga- 
tion, an aliquot of the reaction mixture was autoclaved for 10 
minutes at 10 pounds pressure in the presence of 0.35 N H.SO, 
in order to convert the acetolactate to acetoin. Acetoin was de- 
termined in both the acid treated aliquot and the untreated one 
by the colorimetric method of Westerfeld (7). In this paper, the 
values reported as acetolactate represent total acetoin found after 
acid treatment. 


RESULTS 


Determination of Acetolactate Formation by Cell Suspensions— 
In preliminary experiments, extracts prepared from A. aerogenes 
were examined for acetolactate-forming activity. Acetolactate 
formation was determined at pH 8.0, which was optimal for the 
acetolactate-forming system described in E. coli (3), and at pH 
6.0, which was optimal for the system described by Juni in A. 
aerogenes (1). The extracts varied considerably in the amount 
of activity at pH 6.0 in comparison to that at pH 8.0. Since the 
cells emploved had been grown overnight in minimal medium 
containing 1% glucose, it seemed that the differences in the vari- 
ous extracts might have been related to culture age. A study of 
the influence of culture age on an enzymatic activity would be 
quite inconvenient if extracts had to be employed, because, in 
the early stages of cultivation, fairly large samples of culture 
would be required. Therefore the possibility of examining ac- 
tivity in cell suspensions was explored. 

The results given in Table I show that a washed suspension of 
intact, fresh cells could form acetolactate when incubated with 
pyruvate at pH 6.0. In contrast, no appreciable activity was de- 
tected when the test was performed at pH 8.0. However, when 
the cells were repeatedly frozen and thawed or preincubated with 
toluene, acetolactate was formed at both pH 6.0 and pH 8.0. 
Also shown in Table I, is the fact that the addition of L-valine 
to the test system had no effect on the formation of acetolactate 
at pH 6.0. At pH 8.0, the reaction was strongly inhibited by 
valine, an observation indicating that the activity being meas- 
ured at pH 8.0 is quite similar to that found in E. coli (4). 

It should be emphasized that although the results in this report 
are expressed in umoles of product as acetolactate, in reality they 
represent the sums of acetolactate and its decarboxylated prod- 
uct, acetoin. Thus, the cells employed in the experiment repre- 
sented in Table I contained considerable acetolactate decarboxyl- 
ase activity. This activity was such that, at pH 6.0, all of the 
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TABLE I 


Effect of toluene and of freezing and thawing on acetolactate 
formation by cell suspensions of A. aerogenes 


The reaction mixture contained 0.4 ml of cell suspension (ap- 
proximately 8 X 10° cells per ml, prepared from a culture grown 
for 18 hours on minimal medium containing 1°; glucose); potas- 
sium phosphate buffer, pH as indicated, 100 gmoles; MgCl., 10 
umoles; thiamine pyrophosphate, SO wg; toluene, 0.02 ml where 
indicated; in a total volume of 0.8 ml. After incubation at 37° 
for 30 minutes, pyruvate (10 wmoles) and L-valine as indicated 
were added to make the volume 1.0m]. The tubes were incubated 
an additional 30 minutes. The reaction was stopped by adding 
0.1 ml of 1 N NaOH and 0.1 ml of 1 N ZnSO, Acetoin was deter- 
mined after acid treatment as described in ‘‘Experimental.”’ 


a-Acetolactate formed 


No toluene added In presence of toluene* 


5 umoles umoles 

Intact cells 6.0 0.33 0.41 0.33 £0.35 
S.0 0.01 0.01 0.41 0.06 
Cells frozen and 6.0 0.50 0.48 0.26 0.29 
thawed 5 times 8.0 0.21 0.02 0.27 0.04 


* Experiments with extracts showed that toluene had a dele- 
terious effect on the activity of both the pH 6.0 and the pH 8.0 
systems. With cells this was also observed on some occasions 
with the pH 6.0 system (note the results with frozen cells in the 
above table). 


1.20 1 T T 


u Moles a-Acetolactate 


B-0.03ML-Valine 


7.5 


7.0 8.0 


pH 

Fic. 1. Effect of pH on the formation of acetolactate in the 
presence and in the absence of L-valine. The reaction mixtures 
contained: L-valine, 30 wmoles, where indicated, thiamine pyro- 
phosphate, 80 wg; potassium phosphate, pH as indicated, 300 
pmoles; sodium pyruvate, 40 wmoles; MgCl., 10 wmoles; and bac- 
terial extract with 1.9 mg of protein (prepared from cells grown on 
minimal medium containing 1% glucose for 8 hours) in a total 
volume of 1 ml. Incubation at 37° for 10 minutes. The reaction 
was stopped by adding 0.1 ml of each 1 NX NaOH and 1 N ZnSO,. 
Acetolactate determined after acid treatment as described in Ex- 
perimental, 


6.0 6.5 


acetolactate formed was converted to acetoin and, at pH 8.0, 
about half of the acetolactate was broken down during the in- 
cubation period. 
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Determination of Acetolactate Formation by Extracts—Although 
the results in Table | with cell suspensions were most readily ex- 
plained by assuming that different activities were being deter- 
mined at pH 6.0 and at pH 8.0, the possibility was not ruled out 
that permeability was the factor responsible for the differences 
observed. Therefore, a more detailed study was made with ex. 
tracts. Fig. 1 shows the effect of pH on acetolactate synthesis 
by extracts, in the presence and in the absence of L-valine. Note 
that the curve representing total activity has two peaks: one at 
pH 6.0 or below and the other at pH 7.5. In the presence of L- 
valine the latter peak disappears. Although there is some over- 
lap between the two systems, it is evident that in the extract 
represented in Fig. 1, the valine-sensitive activity is practically 
nil below pH 6.5, whereas the valine-resistant activity disappears 
above pH 7.0. This differential effect of pH on the two kinds 
of activity has also been observed with extracts containing only 
one or the other activity. 

Effect of Thiamine Pyrophosphate on Extract Activity—I\t had 
been observed with E. coli extracts (4) that very high concentra- 
tions of thiamine pyrophosphate were required to saturate the 
acetolactate-forming system. As shown in Fig. 2, the acetolae- 
tate-forming svstem that functioned at pH 8.0 in A. aerogenes, 
also required very high concentrations of thiamine pyrophos- 
phate. This was true for both extracts and toluenc-treated cell 
suspensions. In contrast, the pH 6 acetolactate-forming system 
is much more readily saturated with thiamine pyrophosphate. 
As shown in Table Il, 60% of the maximal rate was obtained 
without added cofactor. Cell suspensions, which at pH 6.0 
convert pyruvate to acetolactate as readily with toluene pre- 
treatment as without, are not affected by added thiamine pyro- 
phosphate. 

Requirement for Magnesium lons—Table IIL shows the rela- 
tionship between the amount of MgCl. added and the activities 
of the two acetolactate-forming systems. At pH 6.0, no stimula- 
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Fic. 2. The effect of thiamine pyrophosphate concentration 
on acetolactate formation at pH 8.0. The reaction mixture con- 
tained: potassium phosphate, pH 8.0, 200 wmoles; thiamine pyro- 
phosphate as indicated; 0.2 ml of a cell suspension (about 4 x 10" 
cells per ml), or 0.2 ml of extract prepared from the above suspen- 
sion (the cells were grown in minimal medium containing 1% glu- 
cose, for 64 hours), in a total volume of 1 ml; to the whole cell 
systems 0.2 ml of toluene was also added. Incubation at 37° for 
15 minutes. For other conditions, see Fig. 1. 
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tion of the activity of the crude extract could be obtained by the 
addition of magnesium. When Versene (ethylenediaminetetra- 
acetate) (45 wmoles per ml), but no magnesium was added, the 
system still retained over 50% of its maximal activity. At pH 
8.0, on the other hand, practically no activity could be detected 
in the absence of magnesium tons, and addition of Versene almost 
completely abolished the activity, even in the presence of 30 
ymoles of MgCl.. 

Effect of Pyruvate Concentration—No significant differences in 
the effect of pyruvate concentration on the activities of the two 
systems could be found. Both systems were saturated at a con- 
centration of pyruvate of about 10>! mM. 

Kinetics of Valine Inhibition—The formation of acetolactate 
by A. aerogenes extracts at pH 8.0 resembles that exhibited by E. 
coli extracts in that it is valine sensitive. It was shown previ- 
ously (4) that in £. coli the inhibition by L-valine was competi- 
tive. In Fig. 3, are the data in a double-reciprocal plot obtained 
in an experiment to show the nature of the inhibition in A. aer- 
ogenes. As the figure shows, both slope and intercept changed 
with different levels of inhibition. Although this kind of result 
would indicate that the inhibitor was not competing with the 
substrate, it may be due to the fact that the system is a crude one. 


Il 


Effect of thiamine pyrophosphate concentration on 
formation of acetolactate at pH 6.0 


The reaction mixture contained: 0.2 ml of a suspension of intact 
cells or an extract (each equivalent to about 4 X 10'° cells per ml, 
prepared from a 16-hour culture in minimal medium containing 
1©) glucose); potassium phosphate buffer, pH 6.0, 100 wzmoles and 
200 ymoles with the cell suspension and extract, respectively; 
thiamine pyrophosphate as indicated, in a total volume of 1 ml. 
Incubation at 37° for 15 minutes. For other conditions, see Fig. 1. 


a-Acetolactate formed (umoles) 


Thiamine pyrophosphate added (yg) 


0 10 20 ” 80 320 400 
Cell suspensions 1.05 1.16 1.09 1.11 1.08 
Cell-free extracts 1.85 2.66 2.75 2.95 2.79 2.93 


Ill 


Effect of magnesium concentration on rate of 
formation of acetolactate 


The reaction mixture contained: extract containing 1.6 mg of 
protein, (prepared from cells grown for 6 hours on minimal me- 
dium containing 1°; glucose adjusted initially to pH 5.8, and for 
another 4 hours after adjusting the pH to 7.0), potassium phos- 
phate, pH as indicated, 200 wmoles; total volume I ml. Ineuba- 
tion at 37° for 10 minutes. For other conditions see Table IL. 


Acetolactate formed 


At pH 6.0 


Me Ch: At pH 8.0 
Without 45 pmoles Without 45 wmoles 
Versene Versene added Versene Versene added 
pmoles pmole pmole 
0.35 0.14 0.03 0.01 
0.30 0.25 0.09 0.01 
10 0.34 0.32 0.14 0.02 
x0 0.25 0.35 


0.19 


0.04 
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Fic. 3. Reeiproeal plot of the inhibition of acetolactate forma- 
tion by L-valine at different concentrations of substrate. V = 
umoles formed, S = molarity. The reaction mixture contained: 
sodium pyruvate and L-valine as indicated; potassium phosphate 
buffer, pH 8.0, 100 wmoles; and bacterial extract corresponding to 
3.1 mg protein (from cells grown for about 7 hours on minimal 
medium containing 1% glucose), in a total volume of 1 ml. In- 
cubated at 37° for 1 hour. For other conditions, see Fig. 1. 


Had the abscissa in Fig. 3 been the reciprocal of the square root 
of the substrate concentration, the points would have fit straight 
lines significantly better and the lines would have had the same 
intercept. Thus, there may be a complex interaction between 
valine and pyruvate. It is, of course, not known whether valine 
inhibits the generation of an active acetaldehyde or the condensa- 
tion of the latter with pyruvate or indeed whether valine itself 
is the inhibitor.! 

Effect of pH of Culture on Acetolactate Formation—When cells 
were grown in minimal medium containing 0.2% glucose as carbon 
source, they exhibited nearly the same amount of pH 8 enzyme 
activity whether they were harvested during the early log phase 
or after 8 hours or more in the stationary phase. The same re- 
sults were obtained when 0.2 or 1.0% sodium succinate, or 0.5% 
sodium pyruvate were used as carbon sources. In such cells en- 
zyme activity at pH 6.0 was very low. In contrast, when cells 
were grown in minimal medium containing 1.0% glucose, the 
two acetolactate-forming systems varied considerably with the 
age of the culture. In one experiment, represented in Fig. 4, 
the pH 8 activity was present during the entire logarithmic phase 
and was roughly proportional to the cell density. In the early 
stationary phase there was a sharp decrease in activity which 
paralleled the decrease in pH of the culture. On the other hand, 
the pH 6 activity was absent during the logarithmic phase of 
growth, but increased rapidly as the culture entered the station- 
ary phase. 

In view of the inverse relationship between the two acetolac- 

1A derivative of valine that could arise in this system is a- 
ketoisovalerate (by means of transamination in the presence of 


pyruvate). a-Ketoisovalerate, however, is virtually inactive as 
an inhibitor of acetolactate formation. 
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Fic. 4. The relationship between growth rate, pH changes, 
and enzymatic activity of the cultures. A. aerogenes was grown on 
minimal medium containing 1% glucose, at pH 7.0. At frequent 
intervals, 50 ml samples were withdrawn, the bacteria were 
washed and resuspended in 2 ml of water; 0.4 ml samples of the 
washed suspensions were used in the tests for enzymatic activity. 
The assays for enzyme activity were performed on toluenized cells 
as described in Table I. Enzyme activity is expressed in smoles 
of acetolactate formed per 10 ml of culture per 30 minutes. 


TaBLe IV 
Effect of pH on appearance of acetolactate-forming activities 
The extracts were prepared from cells treated as described in 
text. The reaction mixture contained: extract with 2.4 mg of 
protein; potassium phosphate, pH as indicated, 300 wmoles; thi- 
amine pyrophosphate, 80 wg. Incubation at 37° for 10 minutes. 
For other conditions, see Fig. 1. 


Acetolactate formed 


pH of Medium 


Culture Bacterial crop), 
Initial Final pH 8.0 pH 6.0 
| | me/dry wt./mil pmole pmoles 
A we? 0.212 0.04 (0.11)* 5.31 
B | 7.0 6.1 1.050 0.54 1.10 
A | 1:4.9 48:1 


ratio 


* The value in parentheses was the one found experimentally. 
However, on the basis of the percentage of inhibition by valine, 
it was calculated that only 0.04 wmole of the product was formed 
by the biosynthetic enzyme. The remaining 0.07 umole of aceto- 
lactate was due to the activity of the degradative enzyme at pH 
8.0. 


tate-forming systems it would appear that there is a preferential 
synthesis of one enzyme or the other, depending upon the pH of 
the medium.? In order to establish whether changes in the cul- 


2 It seemed possible that the stationary phase cells grown on 1% 
glucose might accumulate valine, which by inhibiting the activity 
at pH 8.0 could account for the apparent loss of biosynthetic en- 
zyme activity. Unfortunately, removal of such valine by dialysis 
would not be possible because this system is extremely labile. 
However, incubation of mixtures of active extracts and extracts 
prepared from cells harvested from cultures containing 1% glucose 
during the stationary phase revealed that the inactive extracts 
did not contain any substance (such as valine) that was inhibitory 
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TasBLe V 

Effect of valine on appearance of acetolactate-forming activities 
The reaction mixture contained potassium phosphate buffer, 
pH as indicated, 100 umoles; bacterial extracts prepared from cells 
grown on minimal medium containing 1° glucose; Experiment A, 
3.4 mg of protein; Experiment B, 2.3 mg of protein. Incubation 
time: 20 minutes. For other conditions, see Fig. 1. 


— 


Cell density Acetolactate formed 


E xperi- Additions to > : Final pH of 
pmole 
A None 140 6.60 0.75 
L-valine, 157 6.45 0.39 
/ 
ml | | 
B | None 215 5.90 | 0.36 1.80 
L-valine, 220 5.75 0.25 1.89 
100 
ml 


ture medium other than pH determined which acetolactate-form- 
ing system would be produced, the following experiment was per- 
formed. A. aerogenes cells were grown for 6 hours in a minimal 
medium adjusted initially to pH 5.8 and containing 1% glucose, 
One-half of the culture was adjusted to pH 7.0 and incubated for 
another 4 hours. These cells were then harvested and a second 
extract prepared. The two extracts were tested for acetolactate 
formation at pH 8.0 and 6.0. As shown in Table LV, cells grown 
at low pH and harvested during the early logarithmic phase ex- 
hibited very high activity at pH 6.0, whereas their activity at 
pH 8.0 was virtually nil. However, when these cells were incu- 
bated for an additional 4 hours at pH 7.0, cell multiplication con- 
tinued, the activity at pH 6.0 dropped proportionally to the in- 
crease in cell mass, and considerable activity at pH 8.0 appeared. 
Virtually identical results were obtained if the incubation at pH 
7.0 was performed by resuspending the cells in fresh medium. 

Growth of A. aerogenes at Low pH—Also shown in Table LV is 
the fact that there was a considerable increase in cell density of 
the culture which was initially adjusted to pH 5.8. Since ae- 
tivity at pH. 8.0 was virtually absent in these cells, it must be in- 
ferred that the valine required for cell synthesis had been pro- 
vided by acetolactate arising by means of the enzyme originally 
described by Juni (1). Since much of the acetolactate formed 
under these conditions is subject to breakdown by acetolactate 
decarboxylase, and since it was observed that growth is slower 
at pH 5.8 than at 7.0, it seemed possible that valine formation 
might now be a limiting factor. However, this does not seem 
to be so, since the addition of valine to culture media had only 4 
negligible effect on the growth rate not only at pH 7.0 but also 
at pH values as low as 5.6. 

Repression of Enzyme Formation by Valine—The acetolactate- 
forming system in E. coli was found to be repressed by growing 
the cells in the presence of L-valine (4). In view of the other 
similarities of the system in A. aerogenes active at pH 8.0 to the 
E. coli system, it was of interest to determine whether growth in 


for the active extract. Furthermore, it was apparent from paper 
chromatography of extracts of logarithmic and stationary phase 
cells, that, as Mandelstam (8) had observed in E. coli, the content 
of valine in log phase cells is higher than that in stationary phase 
cells. 
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the presence of L-valine had any effect on acetolactate formation 
in A. aerogenes. The cells from two cultures of A. aerogenes grow- 
ing in media containing 1% glucose were harvested early enough 
in the logarithmic phase of growth to insure the presence of pH 
8.0 activity. One culture was supplemented with L-valine and 
the other was not. In another experiment, cells in identical 
media were allowed to grow until the pH had fallen enough to 
insure the presence of the enzyme functioning at pH 6.0. As 
shown in Table V, the formation of the pH 8.0 enzyme appeared 
to be moderately repressed in the presence of L-valine (/rpert- 
ment A), but the formation of the pH 6.0 enzyme was unaffected 
(Experiment B). 

The question can be raised whether the decreased activity of 
the cells grown with L-valine in Experiment A might be related 
to the fact that the pH in that culture was lower than that in the 
culture without valine. However, this effect of L-valine has also 
been observed in media which contain succinate as the carbon 
source and in which the pH never went below 7.0. It also seems 
unlikely that the lower activity in the extract of the valine-grown 
cells was due to free valine since the valine content of this extract 
(as judged by the intensity of the spots on ninhydrin-treated pa- 
per chromatograms) was no higher than the extract of cells 
grown in the absence of L-valine. The conclusion therefore seems 
warranted that not only is the activity of the pH 8 acetolactate- 
forming system in A. aerogenes inhibited by L-valine but its for- 
mation is also inhibited by L-valine. 


DISCUSSION 


The experiments reported here are most readily interpreted by 
assuming that A. aerogenes possesses two different enzymes that 
catalyze the formation of a-acetolactic acid from pyruvate. One 
of these enzymes was extensively studied by Juni (1). This en- 
zyme is part of a mechanism by which acetoin is formed from 
pyruvate; acetolactate is an intermediate in this reaction. This 
acetolactate-forming enzyme functions only in an acid environ- 
ment. As shown by experiments reported here, not only the 
activity but also the formation of this enzyme appears to be con- 
trolled by the pH of the culture medium. Although normally 
this activity appears when the bacterial culture approaches the 
stationary phase of growth, its appearance may be initiated in 
the logarithmic phase, simply by lowering the pH of the medium. 

The other acetolactate-forming system of A. aerogenes is simi- 
lar to that which was recently found in E. coli (3, 4). The ac- 
tivity of this system is maximum at about pH 7.5 and cannot 
function at a low pH. This activity, like that of EZ. coli, is in- 
hibited by L-valine, although, unlike the results obtained with EZ. 
coli, the inhibition in A. aerogenes extracts is noncompetitive. 
Furthermore, valine also represses the appearance of the bio- 
synthetic enzyme activity but does not affect either the action 
or the appearance of the pH 6.0 activity. Since the system ac- 
tive at pH 8.0 can only function in the absence of valine and, 
likewise, appears maximally in the absence of exogenous valine, 
it must be concluded that its only effective function is in the bio- 
synthesis of valine. 

In connection with these findings it is interesting to note that 
A. aerogenes grows well in minimal medium at low pH, in spite 
of the fact that under these conditions no significant activity at 
pH 8.0 can be detected. These results suggest that the enzyme 
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active at pH 6.0 can perform a biosynthetic role in the formation 
of valine. 

The formation of two distinct enzyme systems for the synthe- 
sis of acetolactate by A. aerogenes would be analogous to the for- 
mation of a biosynthetic L-threonine deaminase and an adaptive, 
degradative L-threonine deaminase by E. coli (9). Although this 
may at first seem an unnecessary duplication, its advantage to the 
cell is quite clear. For example, each of the two L-threonine de- 
aminases and each of the two acetolactate-forming systems func- 
tion under rather rigid sets of environmental conditions. In 
other words, each enzyme is under a precise metabolic control 
that has been achieved at the expense of the versatility of the 
enzyme in question. In the case described here, however, versa- 
tility is provided by the capacity of the cell to form two enzymes 
responding to different environmental conditions. 

It might be anticipated that this pattern of two different en- 
zymes catalyzing the same reaction will be found repeated else- 
where in biological systems. 


SUMMARY 


1. Aerobacter aerogenes exhibits two different activities for con- 
version of pyruvate to a-acetolactate. These activities are maxi- 
mal at different pH values and are differently affected by the 
concentrations of thiamine pyrophosphate and magnesium ions. 

2. The activity which is maximal at pH 7.5 is noncompetitively 
inhibited by valine. The formation of the system responsible for 
this activity is repressed by the presence of valine in the culture 
fluid. Therefore, this system appears to be concerned with val- 
ine biosynthesis. 

3. The formation of acetolactate exhibited by extracts at pH 
6.0 is due to part of a system which was shown by Juni to convert 
pyruvate to acetoin by the way of acetolactate. The appearance 
of this activity is controlled by the pH of the culture medium. 
Valine does not appear to affect either the activity or the synthe- 
sis of the responsible enzyme. 

4. Aerobacter aerogenes grows well on a minimal glucose me- 
dium of low initial pH (5.8). Extracts prepared from such cells 
show no acetolactate forming activity at pH 8.0. It appears 
that under these conditions the system functioning at pH 6.0 
fulfills the requirement for valine biosynthesis. 

5. These findings emphasize the restriction that rigid control 
mechanisms put on the versatility of a given enzyme reaction. 
In the case described, acetolactate formation, it appears that 
the development of two different enzymes enables this reaction 
to serve two distinct functions. 
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The effects of 5-bromouracil, an analogue of thymine, have 
been extensively studied in microbial systems. The incorpora- 
tion of this analogue into the deoxyribonucleic acid of several 
strains of bacteria has been demonstrated (1-5). This phenome- 
non was shown to be associated with morphological changes 
caused by unbalanced growth (1, 2, 5), with decrease in viability 
(1, 5) and with the occurrence of 6-methylaminopurine as a 
structural part of DNA (2). 

The deoxyribonucleoside of 5-bromouracil, an analogue of 
thymidine, has also been studied in bacterial systems and found 
to be both an inhibitor (6-8) and a growth factor (8). This com- 
pound has been shown to inhibit the incorporation of labeled 
formaldehyde (9), formate, orotic acid, and thymidine (10) into 
DNA-thymine of mammalian tissues in vitro and of labeled 
formaldehyde into DNA-thymine of spleen and tumor tissues 
in vivo (9). 

In the present study, the incorporation of 5-bromodeoxyuridine 
into DNA of HeLa cells was demonstrated and this phenomenon 
was shown to be associated with unbalanced growth and loss of 
viability of the cell. A preliminary report on these findings has 
been presented (11). 


EXPERIMENTAL 


Materials and Methods 


The cell lines used in this study include four human cell strains 
originating from carcinoma of the cervix (HeLa), monocytic 
leukemia (J-111), adult liver (Chang), and ovarian carcinoma 
(HOC), and three mouse cell strains originating from a sarcoma 
(S-180), fibroblasts (L-cells), and embrvonic liver (MEL). 
HeLa, J-111, and S-180 were purchased from Microbiological 
Associates, Inc., Chang cells from Difeo Laboratories. For a 
culture of L-cells, we are indebted to Dr. T. S. Hauschka, of this 
Institute; HOC and MEL cells were isolated and kindly sup- 
plied by Dr. G. E. Moore of this Institute. 5-Bromodeoxyuri- 
dine was purchased from Nutritional Biochemicals Corporation. 

Stock cultures were carried in Eagle’s medium (12, 13) con- 
taining 10°% whole horse serum. The effects of 5-bromodeoxy- 
uridine were measured in two types of media: (a) Folie acid 
medium: Eagle’s medium in which the growth of the cells de- 
pends on the function of folie acid. (4) Amethopterin medium: 
In this medium the functions of folic acid are blocked by ame- 
thopterin so that the growth of the cells is dependent on a sup- 


* This study was supported in part by the Dorothy W. and 
Lewis Rosenstiel Foundation and in part by a research grant 
(CY-4175) from the National Cancer Institute of the United 
States Public Health Service 


plement of some preformed purine, thymidine, and glycine (14), 
In the present studies thymidine was replaced by 5-bromodeoxy- 
uridine. Media were changed every second day. After 7 days 
of incubation, growth was estimated by protein determination 
(15), by cell count (16), or by DNA determination (17). “‘Tnoeu- 
lum” refers to the cells attached to the glass when the experi- 
mental medium is first applied, i.e. 24 to 48 hours after trans- 
planting of the cells 

For isolation and hydrolysis of DNA the method of Klein- 
schmidt and Manthey (18) was used. The bases were separated 
by 2-dimensional descending paper chromatography with iso- 
propanol-HC1 as the first solvent system (19) and n-butanol-NH, 
as the second solvent (20). Proper control mixtures and blank 
sheets were chromatographed simultaneously. The ultraviolet- 
absorbing spots were eluted with 0.1 ~ HCl, and the bases were 
identified by their ultraviolet spectra in a Beckman spectro- 
photometer. The quantities were estimated on the basis of the 
following F,,. values, 13.1 * 10° for adenine (263 my) (21), 
7.89 x 10° for thymine (264 my) (22), 10.2 K 10 for cytosine 
(274 my) (23), and 7.01 « 10° for 5-bromouracil (276 my) (2). 
The percentage recovery of the different bases from the control 
mixtures was calculated, and these corrections were applied in 
the analysis of the samples. The recoveries varied from 93 to 
97% for adenine, from 90 to 97° for thymine, from 91 to 99% 
for cytosine, and from 93 to 96°; for 5-bromouracil. 


RESULTS 


5-Bromodeoxryuridine as Growth Factor in Amethopterin Medium 
—When 5-bromodeoxvuridine was supplied in the amethopterin 
medium in place of thymidine, it was found that it supported 
the growth of all the cell lines studied to some extent as estimated 
by the protein determination. The growthof two mouse and two 
human cell lines in such a medium is presented in Fig. 1. The 
gross morphological appearance of HeLa cells grown for 9 days 
in this medium is shown in Fig. 2 along with the appearance of 
HeLa cells grown in a similar medium which contained thymidine 
instead of 5-bromodeoxyuridine. The only cell lines of those 
tested which did not show similar morphological changes were 
S-180 and L-cells, whereas all the other cell lines showed such 
changes at 3 um 5-bromodeoxyvuridine and higher. 

The enlarged cytoplasm of HeLa cells suggested that in this 
particular case the protein determination might not be a true 
measure of cell multiplication. This assumption was confirmed 
by the simultaneous determination of DNA and protein content 
of the culture and of cell count (Fig. 3). The total protein ins 
culture of HeLa cells increases by about 200°; in a week, ab 
though only a 70°, increase in the total DNA and cell count oe 
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hia. 1. The effeet of 5-bromodeoxyvuridine in amethopterin 
medium in promoting the growth of various cell lines as estimated 
by protein determination. Media: for HeLa and HOC cells, 
Eagle's medium was supplemented with amethopterin (1 gu), 
hypoxanthine (30 um), and glycine (300 um); for 8-180 and L-cells, 
Eagle's medium was supplemented with amethopterin (1 gM), 
hypoxanthine (100 gm), and glycine (30 ym). In corresponding 
media containing optimal concentration of thymidine (30 um) the 
growth estimated by protein determination was about 8-fold for 
8-180, HOC, and L-cells and about 6-fold for HeLa cells. 


bia. 2. The effect of 5-bromodeoxvuridine on the morphology 
of HeLa cells. Left, HeLa cells grown for 9 days in kagle’s me- 
dium supplemented with amethopterin (1 wm), hypoxanthine (30 
uM), giveine (300 ym), and 5-bromodeoxyuridine (30 um); right, 
Hela cells grown for 9 days in the same medium containing 
thymidine in place of 5-bromodeoxyuridine. Magnification 120 
in each case. 


curred at the same time; no further increase in DNA occurred 
after 2 days of incubation. Although the total cell count and 
DNA gradually decrease as a result of cell destruction, the cul- 
tivation of HeLa cells in this medium could be continued for 
more than a month. During the course of | month, no change 
in the average amount of DNA per cell occurred while the ratio 
of protein to DNA continued to increase (Fig. 4). The increase 
of DNA in the culture in this case is thus a true measure of cell 
multiplication. It appears that HeLa cells in the 5-bromode- 
oxvuridine medium were able to carry out only one DNA dupli- 
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Fic. 3. The effect of 5-bromodeoxyuridine on the growth of 
HeLa cells relative to inoculum as estimated by cell count, pro- 
tein, and IDNA determination. Medium: Eagle’s medium was 
supplemented with amethopterin (1 um), hypoxanthine (30 um), 
giveine (300 um), and 5-bromodeoxyuridine (30 um). Each point 
represents an average of 3 to 5 separate experiments consisting of 
triplicate determinations. 
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Fic. 4. The effect of 5-bromodeoxyuridine on the DNA content 
per cell and on the protein to DNA ratio of HeLa cells growing in 
Kagle’s medium supplemented with amethopterin (1 um), hy- 
poxanthine (30 um), glycine (300 ym), and 5-bromodeoxyuridine 
(30 pM). 


cation and one cell division and thereafter no more DNA was 
synthesized. Determinations of DNA in individual HeLa cells 
in these cultures by Feulgen cytophotometry! indicated that the 
individual cells contained amounts which were characteristic for 
a heteroploid population of these cells no longer synthesizing 


' Milton N. Goldstein, unpublished data. 
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TaBLe I 
Base-composition of DNA from HeLa cells grown in 
§-bromodeoxryuridine medium 
Base” per sample Base” ratios 
| 
Cell line@ = 
> 
| T | Bu | Ad | cyt ziel 
x + 
Parent HeLa | 
Sample 0.473 0.481 0.348 0.99 0.73 
II... .| 0.371) 0.354 0.263 1.05 0.75 0 
BrU HeLa | | | | | 
Sample I.... 0.308 0.313 0.606 0.458 1.02 1.02 0.76 50.4 
II_... 0.176 0.197 0.403 0.260 1.12 0.93 0.64 52.8 


IIL.... 0.266 0.291, 0.560 0.397 1.09 0.99 0.71 52.2 
* Parent HeLa had been grown in Kagle’s medium containing | 
uM folic acid. BrU-HeLa had been grown for 1 week in Fagle’s 
medium supplemented with amethopterin (1 wm), hypoxanthine 
(30 um), glycine (300 um), and 5-bromodeoxyuridine (30 gM). 
’T, thymine; BrU, bromouracil; Ad, adenine; Cyt, cytosine. 


Taste Il 


Effects of 5-bromodeoryuridine and thymidine on growth of HeLa 
cells when supplied together in amethopterin medium 


Thymidine §-Bromodeoxyuridine Cell multiplication® 
uM 
3.0 1.01 
10 1.88 
30 2.41 
3.0 0.45 
10, 30 1.40, 1.35 
3.0 3.0, 10, 30 1.80, 1.04, 1.57 
10 3.0, 10 2.41, 2.40 
10 30) 1.82 
30 3.0, 10 2.45, 2.31 
30 30 2.05 


Cell count at 5 days divided by inoculum (3.77 &K 10° cells). 
Each value is an average of triplicate determinations each of 
which was counted three to five times. 


new DNA. However, continuation of protein synthesis and cell 
metabolism (as indicated by acid formation in the culture me- 
dium) resulted in giant cells which did not multiply and gradually 
disintegrated. 

Under these conditions mouse sarcoma and fibroblast cells 
had a different morphological response from that of HeLa cells. 
Moreover, a preliminary study of the growth of mouse fibroblasts 
in 5-bromodeoxyuridine medium as estimated by DNA deter- 
minations demonstrated that in a week they were able to in- 
crease the DNA in the culture over 5-fold and at the end of this 
period were still multiplying. 

Incorporation of 5-Bromodeoryuridine into DN A—The obser- 
vations discussed in the previous paragraph suggested the in- 
corporation of 5-bromodeoxyuridine into the DNA of HeLa cells. 
To confirm this, HeLa cells were grown in large quantity (25 
Roux flasks) for 1 week in a medium supplemented with ame- 
thopterin (1 um), hypoxanthine (30 um), glvcine (300 ym), and 
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5-bromodeoxyuridine (30 ym). The cells were harvested and 
washed twice with Eagle’s salt solution (12). The vield of evils 
was 2.24 g, wet weight. After acetone extraction (18), the 
weight had decreased to 1.74 g and finally after petroleum ether 
extraction, only 221 mg of dry, defatted cell powder was ob 
tained. A similar quantity of parent HeLa cells was also col- 
lected. Identical procedures were followed (18), and the DNA 
from both cells lines was analyzed for base composition. The re- 
sults demonstrate that 50°) of the thymine normally present in 
the DNA of HeLa cells had been replaced by 5-bromouracil 
(Table I). 

Preliminary results with mouse fibroblasts discussed in the pre- 
vious paragraph suggest strongly that over SO‘, of DNA-thy- 


mine in these cells has been replaced by 5-bromouracil. Exten- 
sion of the study in these lines is in progress. 
Effects of 5-Bromodeoryuridine in Folic Acid Medium The in- 


hibitory effect of 5-bromodeoxyuridine in folic acid medium on 
the growth of all the cell lines as estimated by protein determina- 
tion was only slight. The concentrations required for 50°; in- 
hibition of growth were of the order of 100 yw. Among all the 
cell lines studied, the growth of L-cells was least inhibited. In 
several cell lines (HeLa, Chang, J-111, HOC, and MEL) gross 
morphological changes, similar to those discussed previously, 
were evident already at 3 ym. These changes may be interpreted 
as indicating incorporation of the analogue into DNA. Such 
utilization of the analogue would explain the decreased incor- 
poration of I-carbon precursors into DNA-thymine caused by 
5-bromodeoxyuridine (9, 10). 

5-Bromodeoryuridine versus Thymidine When 5-bromodeoxy- 
uridine and thymidine were supplied together in amethopterin 
medium, it was found that equal or higher concentrations of 
thymidine protected the HeLa cells from the effects of the ana- 
logue as measured by cell count and by observation of the mor- 
phology of the cells. However, at suboptimal concentrations of 
each compound (equal to or less than 10 ym) both apparently 
acted together causing stimulation of cell multiplication over 
that with either one alone (Table I1). Thymidine at 100 gst is 
slightly inhibitory and at 300 ym completely prevents the growth 
of HeLa cells in this medium. 

Once 5-bromodeoxvuridine had become incorporated into the 


Tasce Ill 
Reversibility of cflect of E-bromodcoryuridine on qrowth* 
Hela cells 


In bromadeoxyurdine medium® (rowth® after transfer into 


Time exposed Growth Medium I Medium tt‘ 
0 hres. 
4 hrs. 0.93 7.0 6.6 
24 hrs. 1.42 4.48 3.44 
48 hres. 3.26 
7 days 2.8 


* Growth at 7 days indicated as the ratio of total protein to 
that of the inoculum. 

* Eagle's medium supplemented with | gw amethopterin, 
uM hypoxanthine, 30 gm 5-bromodeoxvuridine, and 300 gu glycine. 

medium supplemented with 30 gm hypoxanthine, 3 
thymidine, and 300 gm glycine. 

“Eagle's medium supplemented with | gm amethopterin, 3 
uM hypoxanthine, 30 yw thymidine, and 300 gw glycine. 


December 1959 


DNA of HeLa cells, the effect was irreversible. The results of 
this study based on protein determination are presented in Ta- 
ble IIT. An exposure of HeLa cells for 4 hours to amethopterin 
medium containing 5-bromodeoxyuridine (30 ys) still had not 
caused irreversible damage to the cells. However, an exposure of 
24 hours or longer had effects which could not be reversed even 
by placing the cells into a medium containing thymidine, hy- 
poxanthine, and glycine in addition to folie acid. The growth 
pattern of such cells continued as in 5-bromodeoxyuridine me- 
dium with enlargement of the cytoplasm and without the oc- 
currence of mitosis. 


DISCUSSION 


The normal growth of mammalian cells in a modified culture 
medium containing amethopterin is dependent upon a source of 
thymidine (14). The replacement of thymidine by 5-bromode- 
oxyuridine permits limited growth of all the cell strains studied. 
In contrast, no growth but rapid disintegration occurs when 
either compound is omitted from the medium. In the presence 
of 5-bromodeoxyuridine, HeLa cells are able to double their DNA 
and complete one cell division. Under these conditions 5-bromo- 
deoxyuridine is used for the synthesis of the new DNA resulting 
in 50°) replacement of DNA-thymine by 5-bromouracil. The 
synthesis of protein continues for several weeks with the forma- 
tion of greatly enlarged cells which eventually disintegrate. 
These observations with HeLa cells parallel closely those made 
with bacterial cells in analogous conditions (1, 2, 5). That the 
thymine analogue has to be rather in the form of a deoxyribo- 
nucleoside for HeLa cells is borne out from the studies with nor- 
mal metabolites (14); the free base, thymine, supports only 
limited growth of HeLa cells as compared with thymidine. 

The incorporation of 5-bromodeoxyuridine into DNA of HeLa 
cells also in the folic acid medium was indicated by the same 
characteristic gross morphological changes which were observed 
when the cells were grown in amethopterin medium. Under 
these conditions, therefore, the cells seem to incorporate the 
analogue rather than utilize the thymidine synthesized de novo. 
Such incorporation and the loss of viability of the cells connected 
with it would explain the prevention of formate, formaldehyde, 
and thymidine incorporation into DNA which has been shown 
to be exerted by 5-bromodeoxyuridine (9,10). The morphologi- 
eal changes discussed here were not seen in thymidine deficiency 
per se, i.e. in HeLa cells grown in amethopterin medium with- 
out thymidine or 5-bromodeoxyuridine. In this respect the pres- 
ent observations differ from those with FE. coli (5). In recent 
communications the incorporation of 5-bromodeoxyuridine into 
H. Ep. #1 cells in culture (derived from human cervical carci- 
noma) has been described (24). 

8-180 (mouse sarcoma) and L-cells (mouse fibroblasts) differ 
from HeLa and HOC (human carcinomas), Chang (human liver), 
J-111 (human leukemia) and MEL (mouse liver) cells in their 
morphological response to 5-bromodeoxyuridine. Moreover, 
L-cells are better able to carry on DNA-synthesis in 5-bromode- 
oxvuridine medium than are HeLa cells, suggesting over 80% 
replacement of DN.A-thymine by 5-bromouracil in 1 week. 

Thymidine is not very effective in protecting the HeLa cells 
against 5-bromodeoxvuridine even when supplied together in 
the amethopterin medium. When both are present at subop- 
timal concentrations (equal to or less than 10 um) a stimulation 
of growth over that with either one alone results. In general, 
the results indicate that thymidine and 5-bromodeoxyuridine are 
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used approximately equally well, and an excess of one is neces- 
sary to overcome the effect of the other. In studies of synthesis 
of DNA by an enzyme from F. coli (25), it has been also found 
that the rates of incorporation of the deoxyribonucleotide deriva- 
tives of thymine and 5-bromouracil into DNA are about equal. 
In spite of the close similarity of 5-bromouracil and thymine also 
with respect to spatial configuration and size (26) the present 
results suggest that once 5-bromouracil has taken the place of 
thymine in the DNA of HeLa cells, it creates an abnormality 
which prevents further synthesis of DNA. After only 24 hours 
of exposure to 5-bromodeoxyuridine medium the effects cannot 
be reversed. 5-Bromouracil is a perfect substitute for thymine 
in respect to its suitability in participating in the hydrogen 
bonding in DNA (25) as described by Watson and Crick (27). 
In bacteriophage, 5-bromouracil is able to replace all of the thy- 
mine in DNA (28). In the present case with HeLa cells the re- 
placement limit seems to be about 50%. Thus, factors other 
than adequate hydrogen bonding appear to be necessary for the 
continuous synthesis of DNA by HeLa cells. The enzymatic 
composition of the protein, which these nonviable cells continue 
to synthesize, might differ from that normally present in these 
cells. It could be speculated that a change of this sort might be 
the immediate cause for the inability of these HeLa cells to syn- 
thesize DNA. 


SUMMARY 


The effects of 5-bromodeoxyuridine on several mouse and hu- 
man cell lines in culture have been investigated. This thymidine 
analogue supports the growth of all of these cell lines as estimated 
by protein determination when the analogue is supplied in the 
amethopterin medium. With HeLa cells, a 50% replacement 
of deoxyribonucleic acid-thymine by 5-bromouracil in 1 week is 
demonstrated. This is associated with doubling of deoxyribo- 
nucleic acid, one cell division, and continuous synthesis of pro- 
tein. Eventually, giant nonviable cells develop which gradually 
disintegrate. 

The effects of 5-bromodeoxyuridine incorporation into deoxy- 
ribonucleic acid of HeLa cells are irreversible. When thymidine 
and the analogue are supplied together both compounds are uti- 
lized approximately equally well and an excess of one is neces- 
sary to overcome the effect of the other. 

Preliminary results demonstrate that mouse fibroblasts in 
5-bromodeoxyuridine medium are able to carry out an over 5-fold 
increase of deoxyribonucleic acid in a week, suggesting over 80% 
replacement of thymine by 5-bromouracil. 
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Studies with glycolic acid oxidase and glyoxylic acid reductase 
isolated from green leaves have led to the suggestion that these 
enzymes play a part in the oxygen uptake of leaf tissue (1-3). 
Glycolic acid oxidase is a flavoprotein which is capable of di- 
rectly oxidizing glycolic acid, a substance rapidly produced dur- 
ing photosynthesis (4, 5). As has been demonstrated in model 
systems, the oxidase can also couple with glyoxylic acid reductase 
to oxidize reduced pyridine nucleotides (2). 

If glveolic acid oxidase participates to a significant extent in 
respiration, specific inhibition of the oxidase might be expected 
to cause an accumulation of the substrate at a rate comparable 
to the normal rate of oxygen uptake. Such experiments provide 
a suitable means for evaluating the role of this enzyme in respira- 
tion. A series of effective and highly specific competitive inhibi- 
tors of glycolic acid oxidase has been deseribed (6, 7). These 
compounds are all aldehyde bisulfite addition compounds of the 
general structure R--CHOH—SO which are a-hydroxysul- 
fonates and thus are analogues of glycolic acid, CH.OH— COOH. 
When an excised mature leaf from any of the plant species ex- 
amined is placed in sunlight with its base in a solution of a suit- 
able a-hydroxysulfonate, the concentration of glycolic acid in 
the tissue increases at a rate which is similar on a molar basis to 
the normal rate of oxygen uptake of the tissue in darkness (7). 
On the assumption that the glycolic acid which accumulates in 
the presence of a-hydroxysulfonates would normally have been 
metabolized by glycolic acid oxidase, it has been concluded that 
a substantial part of the respiration of mature leaves in sunlight 
takes place by means of this oxidase. This conclusion is supported 
by a number of observations that appear in the literature, and 
which have been discussed (7). 

Experiments have now been carried out in an attempt to eluci- 
date further the action of the inhibitors of glycolic acid oxidase 
on the metabolism of the intact tobacco leaf. An a-hydroxy- 
sulfonate has been found which is more effective than other in- 
hibitors that were previously tested. With this compound, 
a-hydroxy-2-pyridinemethanesulfonie acid, the effect of the physi- 
ological age of the leaf, as well as of other factors which influence 
the inhibition of glycolic acid oxidase by a-hydroxysulfonates in 
rivo, has also been investigated. In experiments with C™O.:, it 
has been found that 50°; of the carbon fixed photosynthetically 
by a tobacco leaf in the presence of an a-hydroxysulfonate is 
located in glycolic acid, thus providing further support for the 
view that glycolic acid oxidase participates in the respiration of 
leaves in sunlight (7). 
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EXPERIMENTAL 


Accumulation of Glycolic Acid in Tobacco Leaves—The experi- 
mental and analytical methods previously described (7) were 
used. Tobacco leaves (Vicotiana tabacum var. Havana Seed) 
about 10 to 15 g in weight were excised from large plants not yet 
in flower and were placed with their bases in solutions of sodium 
bisulfite, disodium sulfoglycolate (glyoxylate bisulfite), or a-hy- 
droxy-2-pyridinemethanesulfonic acid (a-pyridine aldehyde bi- 
sulfite). The last compound, sometimes referred to as 2-pyridyl- 
hydroxymethanesulfonic acid, was purchased from Aldrich 
Chemical Company. Experiments were carried out in the green- 
house on sunny days when the light intensity was at least 3000 
foot-candles, and in some experiments the temperature was main- 
tained at 25° by use of a temperature-controlled chamber located 
in the greenhouse. In comparative studies, each experimental 
point represents an observation on individual adjacent leaves cut 
from the same plant. 

At the end of the test period, 20 disks 1.2 em in diameter were 
quickly cut from the central portion of each leaf according to a 
fixed arbitrary pattern. The disks (approximately 0.5 g of fresh 
weight) were transferred to a TenBroeck homogenizer, covered 
with 0.01 m sodium bisulfite solution previously heated to 90°, 
and placed in a steam bath for 3 minutes. The killed tissue was 
then ground and the suspension was clarified by centrifugation. 
Glycolic acid in the extract was isolated by elution from a Dowex 
1-X10 acetate ion exchange column with 4 m acetie acid, and 
determined colorimetrically in the appropriate fraction. The 
identity of the glycolic acid which accumulates has been estab- 
lished by independent tests, and the validity of the procedure 
has been verified by obtaining good recoveries of glvcolate added 
to leaf disks immediately before extraction (7). 

Experiments on the effect of light intensity under artificial il- 
lumination were conducted by placing leaves at various distances 
from a bank of fluorescent lights in a temperature-controlled 
room. The effect of light intensity in sunlight was investigated 
on a bright day in the greenhouse, the light being controlled by 
shades of varying thicknesses made from cheesecloth. 

Measurements of Oxygen U ptake— The respiration rate in dark- 
ness was determined by placing 7 of the disks weighing a total of 
about 150 mg in 15-ml Warburg vessels together with 1.8 ml of 
water; KOH was present in the center well. The rate of oxygen 
uptake was determined for at least | hour in darkness in air at 
30°. In control experiments, the rate of oxygen uptake was 
found to be the same whether the water was in contact with the 
disks or was placed in the side arm of the Warburg vessel. 
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Fic. 1. Effect of light intensity on the glycolic acid concentra- 
tion of tobacco leaves placed in 0.01 m sodium bisulfite solution for 
1 hour. Glycolic acid concentration is expressed in wmoles per 
gram fresh weight. 


TaBLe I 
Effect of a-hydrorysulfonates on tobacco leaves 


In each experiment, adjacent leaves from the same plant were 
used. The leaves were placed with their bases in the fluids indi- 
cated. 


Initial treatment | Subsequent treatment 


Experi- | - 
ment Inhibitor | Concen- | Hours in | Inhibitor |Hours in light centration 
supplied® tration light or water | or dark 
l A 0.01 Eee | 7.8 
A 0.01 | 1 A 0.5 dark 3.0 
0.04 | 6.5 
gy 0.04 1 A O.5dark 4.1 
2 A | oo] 1 A | L.Sdark (0.7 
\ 0.04 | l A 1.5 dark 4.1 
B 0.01 | 1 Water 1.0light 11.7 
l Water 1.0 dark 1.3 
| 
4 B 0.01 | 2 10.2 
B 0.01 2 £Water 2.0 light 10.2 
| | 

5 B 0.02 | l | 6.5 
B 0.02, 1 | Water | 2.0 light 6.9 
B {| 0.02 | l Water 1.0 dark 4.5 


* Inhibitor A is disodium sulfoglycolate (glyoxylate bisulfite), 
and B is a-hydroxy-2-pyridinemethanesulfonic acid. 


Assay of Glycolic Acid Oxidase Activity—Initial rates of oxygen 
uptake were measured in Warburg vessels as previously described 
(1, 8), except that the addition of riboflavin phosphate was found 
unnecessary with homogenates. Portions of leaf tissue weighing 
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0.5 g were ground ina TenBroeck homogenizer with 4.5 ml of 0} 
m tris(hydroxymethyl)aminomethane chloride buffer at pH 83 
in the cold, and the resulting suspension was assayed directly. 
In all experiments, the amount of oxygen finally taken up indj- 
cated that catalase was present in excess (1, 9), and the stoichj- 
ometry of the reaction was consistent with the equation: 


Glycolate + }O, — glyoxylate + H,O 


Photosynthesis in Presence of Radioactive CO, was sup. 
plied to leaves in an air atmosphere in cabinets (volume of 87 
liters), fitted with air-tight glass windows. The C™O, was liber. 
ated by addition of an excess of perchloric acid to tracer amounts 
of BaC™O, at zero time in the closed container. At the end of 
the experimental! period in sunlight, the leaf blade was separated 
from the midrib, cut into small pieces, and plunged into 25 ml of 
boiling water. After about 3 minutes at boiling temperature, 
the killed tissue was ground and extracted as described earlier, 
Leaf extract representing about 1 g of tissue was placed on 4 
Dowex l-acetate column. After the nonacidic fraction, contain- 
ing neutral carbohydrates and most of the amino acids, was ob- 
tained by washing the column with water, elution was continued 
with 4 m acetic acid to collect the glycolic acid as before. The 
same column was then further eluted with 2 m formic acid to 
collect the malic acid, and finally with 4 m formic acid to obtain 
the citric acid (10). Formic acid was evaporated in a stream of 
air at 46°, and the remaining malic and citric acids were titrated 
before determination of the radioactivity. 

Measurements of radioactivity were made by counting the 
extract and fractions from the Dowex | column on infinitely thin 
samples with a thin window counter. 


RESULTS 


Effect of Light Intensity on Accumulation of Glycolic Acid—Pre- 
vious experience in this laboratory had indicated that inhibition 
of glycolic acid oxidase in vivo could best be demonstrated in sun- 
light at intensities between 2000 and 8000 foot-candles, at which 
the rate of photosynthesis is maximal for tobacco leaves (11). 
The requirement for high light intensities to bring about the 
accumulation of glycolic acid in leaves placed in sodium bisulfite 
solution is shown in Fig. 1, which demonstrates that light inten- 
sities similar to those necessary for high rates of photosynthesis 
are essential in order to observe large increases in glycolic acid 
concentration. 

a-H ydrory-2-pyridinemethanesulfonic Acid as Effective Inhibr- 
tor of Glycolic Acid Oxidase in Vivo—In attempts to find a-hy- 
droxysulfonates more effective than those already reported (6, 
7), it was observed that a-hydroxy-2-pyridinemethanesulfonic 
acid, an internal salt, was particularly efficient in promoting the 
accumulation of glycolic acid in leaves in sunlight. This com- 
pound, at a final concentration of 5 x 10-* m, was found to in 
hibit the initial rate of reaction of isolated glycolic acid oxidase 
60° when the substrate concentration was at 5 xk 10° M. It 
is thus about as inhibitory as the other a-hydroxysulfonates pre- 
viously tested (6,7). The effect of this compound in the intact 
leaf is shown in Table IL. 

It has already been shown that although glycolic acid accumu- 
lates rapidly in leaves placed in sunlight in the presence of a-hy- 
droxysulfonates, the concentration of glycolic acid diminishes 
when the leaf is transferred to darkness (7). This probably oc- 
curs beeause glycolic acid is synthesized primarily in sunlight, 
and, since inhibition of the oxidase in vivo is never complete, 
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giveolic acid disappears when photosynthesis ceases. It is ap- 
parent from Experiment | (Table 1), that although higher con- 
centrations of disodium sulfoglycolate do not increase the amount 
of givcolic acid formed in sunlight, the rate of glycolic acid disap- 
pearance in the dark is lowered. In Experiment 2, where a longer 
period of darkness was used, this effect is still more apparent. 
The variability in the amount of inhibitor taken up and retained 
in different leaves undoubtedly accounts for the variability of the 
rate of glycolic acid disappearance in darkness previously ob- 
served (7). 

Experiment 3 (Table 1) demonstrates that a leaf that has been 
first placed in 0.01 mM a-hydroxy-2-pyridinemethanesulfonic acid 
ean subsequently be transferred to water in the light for a con- 
siderable period before the glycolic acid concentration dimin- 
ishes. If the leaf is provided with 0.01 m inhibitor for 2 hours 
(Experiment 4), the leaf can then be placed in water for at least 
2 hours more in sunlight without a decrease in the glycolic acid 
concentration occurring. With higher concentrations of inhibi- 
tor (0.02 Mm) the accumulated glycolic acid does not decrease after 
2 more hours in sunlight in water, and only a slight decrease ts 
observed when the leaf in water is placed in the dark for the same 
time, thus demonstrating the effectiveness of this inhibitor in the 
leaf. 

Effect of Concentration of Inhibitor on Glycolic Acid Accumula- 
tion in Leaves—A comparison of the relative effectiveness of 
various concentrations of sodium bisulfite and a-hydroxy-2-pyri- 
dinemethanesulfonie acid when supplied to a tobacco leaf on the 
increase of glycolic acid in sunlight is illustrated in Fig. 2. A 
short experimental period, 30 minutes, was used in order to ob- 
tain initial rates of increase of glycolic acid. At a concentration 
of 0.01 Mm, each inhibitor has its maximal activity, but both the 
rate and extent of accumulation of glvcolie acid is twice as great 
with a-hydroxy-2-pyridinemethanesulfonie acid. The maximal 
accumulation of glycolic acid with this inhibitor is also observed 
in 30 minutes rather than in 60 minutes (Table Il), as was re- 
ported earlier with less efficient inhibitors (7). Glycolic acid 
increases in the presence of optimal concentrations of the a-pyri- 
dine aldehyde derivative at a rate of 1S wmoles per hour per g of 
leaf weight. 

With purified preparations of glycolic acid oxidase, it was 
shown that inhibition by sodium bisulfite itself arose from its 
interaction with the enzymically produced glvoxvlate to form an 
inhiiitory a@-hydroxysulfonate (6). In other experiments, it 
has been observed that the curve for sodium bisulfite shown in 
Fig. 2 is very similar to that obtained when glvoxylate bisulfite 
is provided. This further supports the view that bisulfite also 
interacts to form an a-hydroxysulfonate within the tissue. At 
concentrations above 0.02 m, the rates of accumulation of glycolic 
acid are often less than maximal, presumably because the syn- 
thesis of glycolic acid as well as its oxidation is interfered with at 
higher inhibitor levels. 

Effect of Age of Leaves on Inhibition of Glycolic Acid Oxidase in 
Vireo All of the experiments described thus far were carried out 
with tobacco leaves weighing from 10 to 15g. As shown in Ta- 
ble Il, under conditions where a-hydroxy-2-pyridinemethanesul- 
fonic acid causes a substantial increase in glycolic acid in large 
older leaves, smaller leaves from the same plant show little 
change. The concentration normally observed in untreated 
leaves is from 0.4 to 1.0 umole per g of leaf weight. Accordingly, 
glveolic acid oxidase probably functions to a greater extent in 
more mature leaves. 
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DROXY-2-PYRIDINE ME THANE- 
SULF ONIC ACID 
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Fic. 2. Effect of concentration of sodium bisulfite and of a-hy- 
droxy-2-pyridinemethanesulfonie acid on the accumulation of 
giveolie acid in tobaeco leaves in sunlight. Excised tobacco 
leaves were placed in inhibitor solutions of various concentrations 
in sunlight for 30 minutes. Glyeolie acid concentration is ex- 
pressed in wmoles per gram fresh weight. The experiments with 
each inhibitor were carried out with different groups of leaves. 


MOLES GLYCOLIC ACID 


Tasie Il 
Effect of age of tobacco leaves on glycolic acid concentration of leaves 
treated with a-hydroxry-2-pyridinemethanesulfonic acid 
Leaves in each experiment were taken from a single plant. 
The bases of the leaves were placed in a 0.01 M solution of a-hy- 
droxy-2-pyridinemethanesulfonic acid in sunlight at 25° and 50% 
relative humidity forthe time shown. The weight of a leaf varies 
directly with age. 


Experiment 2 


Experiment 
Sunlight 6° minutes 


Sunlight 30 minutes 


Glycolic acid 
concentration 


Glycolic acid 


com entration Leaf fresh weight 


Leaf fresh weight 


— 


pmoles/g fresh wt. pmoles/g fresh wt. 


1.0 1.0 1.0 1.0 
2.5 9.7 2.5 5.3 
5.5 10.3 | 5.0 12.8 
8.2 OLS 9.6 


10.1 


Other experiments which relate the physiological age of a 
tobacco leaf to its rate of respiration and to its glycolic acid oxi- 
dase activity are presented in Table II]. Tissue from young 
leaves respires at a considerably higher rate in darkness in terms 
of fresh weight than that obtained from more mature leaves from 
the same plant. The specific activity of glycolic acid oxidase, 
however, is slightly higher in older leaves and the total activity 
per leaf is considerably greater. In such older leaves, more than 
11 times as much glycolic acid oxidase activity is present as is 
needed to account for all of the respiration, if oxvgen uptake is 
assumed to be similar in darkness and in light (12). Even if the 
rate of respiration of leaves is higher in the light than in the dark, 
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TaB_e III 


Effect of age of tobacco leaves on respiration rate in darkness and 
on glycolic acid oxidase activity 


Two samples were prepared from the central portions of leaves 
of 2 similar plants. Opposite sides of each leaf were used for 
determination of oxygen uptake and glycolic acid oxidase activity 
respectively. The initial fresh weights of the 2 leaves taken at 
each position on the plant differed by less than 15%. Duplicate 
glycolic acid oxidase assays were carried out at 2 enzyme concen- 
trations, one twice the other, and duplicate determinations of 
oxygen uptake in darkness were made on disks obtained from the 
other sample. The pairs of determinations differed by less than 


10%. 
. . . Ratio glycolic 
| | | ptake 
| te undies Or/hr/ 
| | Sresh wt. | Sresh wt. 
14 2.4 | 26.3 60.8 2.3 
48 | 76 | | 


* Leaves were numbered on the plant from the bottom upward. 


as suggested by Decker (13), there is still probably sufficient 
glycolic acid oxidase activity to account for all of the oxygen up- 
take in older leaves. In younger leaves, there appears to be 
twice as much glycolic acid oxidase activity as would be equiva- 
lent to the oxygen uptake. 

Glycolic Acid Formation by Photosynthesis in C“O,—If glycolic 
acid is increasing in concentration at a rate of more than 18 
umoles per hour per g of leaf in sunlight in the presence of a-hy- 
droxy-2-pyridinemethanesulfonie acid, this newly formed glycolic 
acid should account for a substantial portion of the carbon fixed 


TaBLe IV 


Effect of a-hydrory-2-pyridinemethanesulfonic acid on 
distribution of C'* during photosynthesis with 
C40. by tobacco leaves 


Adjacent leaves from the same plant were used in each experi- 
ment. The control leaves were placed with their bases in water, 
and the leaves in inhibitor were provided with 0.01 M a-hydroxy-2- 
pyridinemethanesulfonic acid for 10 minutes in air at 25° before 
the C'*-labeled CO, (about 6 we) was generated from BaC'*O, into 
a closed container in sunlight for the period indicated in each ex- 
periment. The leaves were kept with their bases in water or in- 
hibitor respectively during the time of exposure to CO». 


Experiment 2, photo- 


| 
_ Experiment 1, photo- 
synthesis 7.5 min. 


synthesis 15 min. 


Control Control Inhibitor 


| Inhibitor | 

Weight of leaf, g......... 12.1 96 | 12.2 | 10.8 
Glycolic acid concentra- | | | 

tion (umoles/g fresh | 

| 0.7 46 | 11 | 3.6 

Fraction | Radioactivity 

eet eiieeet........i.... 241,000 | 167,000 | 54,000 | 35,200 
Nonacidic compounds. . .| 181,000 | 51,400 | 36,800 9,540 
9,340 2,190 2,510 417 
3,470 1,690 1,590 1,080 
Glycolic acid........ 138,400 95,600 2,910 15,700 
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in photosynthesis. Experiments with C“O, have fully confirmed 
the extent of the increase of the glycolic acid reservoir during 
photosynthesis in the presence of this inhibitor of glycolic acid 
oxidase. 

In both experiments, in Table IV, it is clear that the inhibitor 
does not greatly influence the rate of photosynthesis. The 
amount of radioactivity in the leaf extract in the presence of 
inhibitor is about one-third less after correction for differences 
in the sizes of the leaves being compared. However, the dis- 
tribution of C™ in various compounds in the tissue is greatly 
different. In each experiment, the glycolic acid in the control 
leaf accounted for about 5.5°% of the total radioactivity in the 
leaf extract. In the presence of inhibitor in Experiment | there 
was 57° and in Experiment 2, 45°) of the C™ in the glycolic 
acid. 

Confirmation of High Radioactivity in Glycolic Acid and Degra- 
dation of Glycolic Acid—The unusually high activity of the gly- 
colic acid in the inhibited leaf in Experiment 1 (Table IV) 
prompted a further investigation to test the validity of the meth- 
ods of isolation employed, and of the radiochemical purity of 
the glycolic acid isolated. Accordingly, a portion of the leaf 
extract from this experiment, which was calculated to contain 
918 c.p.m. in its glycolic acid, was placed on paper, and the 
paper chromatogram was then developed in a mixture of ethyl 
ether-acetic acid-water (13:3:1) (14) together with carrier gly- 
colic acid. After development of the chromatogram and treat- 
ment of the paper for several minutes with steam, the paper was 
sprayed with bromophenol blue indicator. The area of paper 
outlined by the vellow spot (R» 0.47) was cluted with water, and 
the radioactivity thus recovered was 840 c.p.m. (92°7). A por- 
tion of the glycolic acid fraction obtained from the Dowex l-ace- 
tate column was treated in a similar manner. Of the sample 
representing 1,830 ¢.p.m. which was placed on the paper chro- 
matogram, 1,620 c.p.m. (89°7) of the activity was recovered 
after elution of the area which had the same Ry» as glycolic acid. 
Thus the radioactivity in the glycolic acid has been confirmed 
by two independent methods, and the validity of the isolation 
procedure on Dowex 1 columns has been reinforced. 

It has previously been reported that glycolic acid formed dur- 
ing photosynthesis in C™O, is labeled equally in both carbon 
atoms (15). It became of interest to determine whether this 
was also true for the glycolic acid which accumulates in the pres- 
ence of glycolic acid oxidase inhibitor. Tolbert et al. (16) have 
shown that in the glycolic acid oxidase reaction, the carboxyl 
carbon is converted to CO, and the methyl carbon to formic acid 
as follows: 


CH.OH—COOH + 0. HCOOH + CO. + H.O 


A sample of the glycolic acid in Experiment 1 (Table IV) repre- 
senting 10,600 c¢.p.m. was treated with purified glycolic acid 
oxidase from spinach leaves (1) in the presence of carrier gly- 
colate. The reaction was stopped when measurement of oxygen 
uptake indicated it was 85°] complete. There were 4,000 ¢.p.m. 
(44°) in the CO, which was counted as BaCQOs, and 5,150 ¢.p.m. 
(56°) recovered in the formic acid by difference after counting 
the reaction mixture and correcting for the unchanged glycolate. 
Thus the glycolic acid produced in Experiment 1 must have been 
approximately equally labeled in both carbon atoms. 


DISCUSSION 


As seems evident from these experiments and those previously 
described (7), studies with purified glycolic acid oxidase have 
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provided information useful in evaluating the physiological role 
of this enzyme in leaves. It has now been shown that in the 
presence of an a-hydroxysulfonate which is relatively stable dur- 
ing the test, the glycolic acid concentration of tobacco leaves 
may increase at a rate of at least 18 wmoles per hour per gram of 
leaf weight (Fig. 2, Table I]). This is greater than the rate of 
oxygen uptake by the same tissue in darkness in older leaves, 
and is about equal to the rate of oxygen uptake in all but the 
youngest leaves of the tobacco plant (Table III). Glycolic acid 
oxidase plays a role in the respiration of leaves in sunlight, but 
the oxidase probably does not function as extensively in younger 
and rapidly expanding leaves. This conclusion is consistent 
with the view expressed earlier (7), that oxidative phosphoryla- 
tion would not be as efficient when mediated by the flavoprotein 
mechanism of respiration as it is when a system of more positive 
oxidation-reduction potential such as the cytochromes is in- 
volved. 

The data in Table III suggest that as a leaf matures, there is a 
marked synthesis of glycolic acid oxidase. The finding that 
more mature tobacco leaves contain 11 times the glycolic acid 
oxidase necessary to account for all of the oxygen uptake does 
not by itself prove its role in respiration, and may only signify 
that enough is known about the enzyme to assay it under optimal 
conditions. On the other hand, many of the oxidases that have 
been found in leaf tissues can account for only a small fraction of 
the total respiration if current methods of extraction and assay 
are reliable. 

The rapid increases in glycolic acid concentration in sunlight 
in the presence of inhibitors of the oxidase have now been con- 
firmed by independent methods with use of C™O. (Table IV). 
The increased radioactivity of the glycolic acid in the leaves 
treated with inhibitor parallels closely the increase in the con- 
centration of accumulated glycolic acid. Thus the glycolic acid 
must have been synthesized from recently assimilated carbon. 
It seems evident that at least half of the carbon fixed in photo- 
synthesis in the normal leaf may be metabolized by the glycolic 
acid oxidase reaction, since when the enzyme is blocked the car- 
bon taken up is converted into glycolic acid to this extent. 

Other workers have observed high radioactivity in glycolic 
acid in photosynthetic tissue supplied with C™O, (4, 17) but 
their experiments were always conducted under conditions where 
the partial pressure of CO, was very much lower than normal. 
The experiments described in Table 1V were carried out in air 
under conditions where the normal concentration of CO, could 
not have been greatly depleted, especially in Experiment 2 
where only a small portion of the C“O, supplied was fixed. That 
the a-hydroxysulfonate used specifically blocks glycolic acid oxi- 
dase in the leaf, is further borne out by the relatively small ef- 
fect of the inhibitor on the total C™O, fixed by the leaf. 

Even in short periods of photosynthesis such as 4 seconds, 
barley leaves in C“O, produced glycolic acid in which the carbon 
atoms were uniformly labeled (15). The glycolic acid which 
accumulates in the presence of inhibitors of glycolic acid oxidase 
is also essentially uniformly labeled, suggesting that it is synthe- 
sized by the normal reactions of the leaf. 

Griffith and Byerrum (18) have shown that glycolic acid is 
produced in young leaves of Nicotiana rustica from ribose-1-C™ 
in light, and that most of the C™ is in the methyl carbon. This 


is consistent with the suggestion of Wilson and Calvin (17) that 
glycolic acid arises from the first two carbon atoms of pentose 
phosphate. 


However, the vield of glycolic acid obtained from 
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ribose-1-C™ was only about 0.5°% of the radioactive carbon ad- 
ministered (18), perhaps because the glycolic acid oxidase me- 
tabolized much of it. More unequivocal information about the 
origin of glycolic acid in leaves must await further enzymic 
studies. The central role of this metabolite in respiration and 
photosynthesis in leaves, however, seems well established. 

Moses and Calvin (19) have recently provided further support 
for the view that glycolic acid plays a role in hydrogen transfer 
during photosynthesis. In experiments with Chlorella cells car- 
ried out in tritiated water in the light, glycolic acid was the most 
highly radioactive compound isolated. 


SUMMARY 


An inhibitor of glycolic acid oxidase, a-hydroxy-2-pyridine- 
methanesulfonic acid, which is highly effective when supplied to 
tobacco leaves, has been described. In the presence of this in- 
hibitor in sunlight, the glycolic acid concentration increases at a 
rate of at least 1S wmoles per hour per gram of leaf. This rate 
of accumulation is as large as the rate of oxygen uptake in dark- 
ness in all but the youngest leaves, and suggests that this oxidase 
plays an important role in the respiration of leaves in sunlight, 
especially in older tissue. 

The rapid accumulation of glycolic acid in tobacco leaves in 
light in the presence of the inhibitor has been confirmed in ex- 
periments with C“O,. More than 50°% of the radioactivity of 
leaves treated with glycolic acid oxidase inhibitor has been found 
in the glycolic acid. This suggests that, in the normal leaf in 
sunlight, more than half of the carbon fixed may be metabolized 
by this oxidase, and emphasizes the central position of glycolic 
acid in the processes of respiration and photosynthesis in leaves, 
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Among the several hypotheses which have been proposed to 
explain the mode of insulin action upon tissues, those suggesting 
a primary effect of the hormone on glucose transport or activa- 
tion are presently most prominent. There are, however, well 
documented insulin effects which cannot be readily explained 
on this basis alone (1-6). The responsiveness of adipose tissue 
to insulin added in vitro is now well established (7-10) and 
previous studies from this laboratory (11-13) have indicated 
that this responsiveness is unusually striking, both with regard 
to sensitivity and with regard to the magnitude of the metabolic 
response. Furthermore, many metabolic parameters are affected, 
producing a pattern which appears to be a relatively charac- 
teristic one (14). 

When specifically labeled glucose is used as the substrate, the 
resulting distribution of labeled carbon among various glucose 
metabolites is consistent in part with a primary insulin effect 
upon glucose entry or activation. This is not, however, uni- 
formly apparent a priort. Thus, there exists a marked dis- 
crepancy between the effects of insulin upon the distribution of 
carbons | and 6 of glucose between fatty acids, on the one hand, 
and CO. on the other hand. Indeed, whereas insulin stimulation 
results in a 6- to 10-fold increase in the metabolism of carbon 1 
to either COs or fatty acids and of carbon 6 to fatty acids, CO, 
production from carbon 6 is increased by one-half at best. This 
discrepancy, observed after insulin administration tn vivo, led 
Milstein (15) to postulate that insulin directly influences the 
relative rate of glucose 6-phosphate metabolism by the phospho- 
gluconate oxidative pathway, an interpretation not consistent 
with the hypothesis of insulin action exclusively upon glucose 
entry or activation. Winegrad and Renold (12), on the other 
hand, interpreted their data on the incorporation of labeled 
carbon into fatty acids as consistent with a parallel activation 
of both the phosphogluconate-oxidative and the Embden-Meyer- 
hof pathways, without explaining, however, the surprisingly 
small degree of stimulation of CO, production from carbon 6 in 
the presence of insulin. 

It seemed reasonable to expect that a comparison of the meta- 
bolic effects of changes in glucose concentration and of changes 
in insulin concentration might be helpful in suggesting whether 


* Supported in part by grants from the United States Public 
Health Service (A-2460), Bethesda, Maryland, and the Adler 
Foundation, Inc., Rve, New York. 

t Recipient of a Fellowship from the Dazian Foundation for 
Medical Research, New York, New York. 


the metabolic pattern obtained in the presence of insulin is 
indeed primarily the result of accelerated glucose entry or activa- 
tion. Accordingly, the purpose of the studies presented here 
is that of describing the metabolism of glucose-1-C™ and glucose- 
6-C™ by rat adipose tissue in experiments in which glucose 
concentration and insulin concentration were varied independ- 
ently from each other. A partial and preliminary report of these 
studies has been presented (16). 


EXPERIMENTAL 


Materials and Methods 


Male albino rats from the Wistar strain (Harvard Biological 
Laboratories, and Albino Farms, Red Bank, New Jersey) that 
weighed between 200 and 250 g. and were fed ad libitum with 
Purina pellets were used throughout these experiments. Alloxan 
diabetes was produced as previously reported (11). The animals 
were sacrificed by decapitation and the epididymal adipose tissue 
removed and incubated after the procedure previously described 
(11) with the following modifications. In each experiment 
the two epididymal fat pads of a single animal were divided into 
a total of four to eight pieces, making it possible to compare 
several concentrations of insulin or glucose in tissue obtained from 
the same animal. Incubations were carried out at 37° in 25-ml 
Erlenmeyer flasks, with 3 ml of Krebs bicarbonate buffer in each 
flask. In all instances gelatin (1 mg per ml) was added to the 
medium to prevent insulin loss on glass surfaces and to insure 
its even distribution. At the end of the incubation each tissue 
was immediately placed into 20 ml of chloroform-methanol 
mixture (2:1) and shaken 5 hours. The chloroform-methanol 
extract was processed four times by the “salty wash’’ method of 
Folch (17) to remove nonlipid radioactive material. Aliquots 
of the chloroform-methanol extract were used for the determina- 
tions of long chain fattv acids and of glvcerol with methods 
previously described (18). The adipose tissue remnant after 
chloroform-methanol extraction was dried and dissolved in hot 
30% potassium hydroxide. The hydrolysate was used for the 
determination of nitrogen by a micro-Kjeldah! procedure, and 
of glycogen by a method described elsewhere (18). Glucose and 
carbon dioxide determinations were carried out as previously 
described (11). Glucose uptake was measured as follows: 25-ml 
volumetric flasks containing 3 ml of medium were used for tissue 
incubation when the glucose concentration was low (ie. 1.25 
and 5 mm), and 10-ml volumetric flasks containing 1 ml of 
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medium when the substrate glucose concentration was high (i.e. 
20 and 80 ma). After 3 hours’ incubation, protein precipitation 
was carried out with zine sulfate and sodium hydroxide added 
directly to the flasks without previously removing the tissue 
(the tissue volume was less than 1% of the total flask volume). 
The medium was then diluted with water up to 25 ml and 10 ml, 
respectively. After centrifugation, an aliquot of the clear 
supernatant fluid was taken and either used for glucose deter- 
mination, or further appropriately diluted. Determination of 
glucose was performed on 1 ml aliquots. All pipettes were 
specially calibrated. 

Glucose-1-C™ and glucose-6-C™ were obtained from the New 
England Nuclear Corporation and were chromatographically 
pure. Purified insulin, containing less than 0.1 wgram of gluca- 
gon per mg, was obtained through the courtesy of Dr. W. R. 
Kirtley of the Lilly Research Laboratories. Isotopic analyses 
were carried out in our laboratory with a windowless flow counter. 
self-absorption corrections were applied according to Karnovsky 
et al. (19). All results have been expressed in terms of micro- 
moles of substrate carbon oxidized to CO, or incorporated into 
fatty acids, glycogen, or glycerol, and have been related to the 
wet weight of tissue, since nitrogen determinations were found 
to be erratically affected by the presence of gelatin, which was 
required at low insulin concentrations. The data can be referred 
to tissue nitrogen, knowing that the average nitrogen content 
of adipose tissue of normal fed rats of the strain used is of the 
order of 2 mg per g wet weight. It has been established in this 
laboratory that within any one animal wet weight of tissue is as 
satisfactory a reference measurement as tissue nitrogen 
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RESULTS 


Effect of Varying Glucose Concentrations, Insulin 
Concentrations Remaining Constant 


Table | summarizes the results of experiments in which insulin 
concentration was kept constant at the level of: no added insulin, 
1, 5 x 10°, or 10° microunits per ml, respectively. In each 
instance four concentrations of glucose labeled in either carbon 1 
or carbon 6 were used: 1.25, 5, 20, and 80 mm. In order to 
facilitate discussion the results will be grouped according to the 
metabolic parameter measured. 

Oxidation of Carbon 1 and Carbon 6—The effect of the four 
different glucose concentrations on the oxidation of carbon 1 and 
carbon 6 of glucose can be seen from the data in Table [. In 
the absence of added insulin it is evident that the oxidation of 
both earbon 1 and carbon 6 was stimulated by merely increasing 
the glucose concentration of the medium. The oxidation of 
carbon 1 was stimulated to a greater extent than that of carbon 
6, as evidenced by a 7-fold increase for carbon 1 and a 3-fold 
increase for carbon 6 when the concentration was increased from 
1.25 to 80 mm. This stimulation with increasing glucose con- 
centration was also observed for carbon 1 when insulin was 
added and kept constant at different levels. Greater stimulation 
with increasing glucose concentration was obtained when the 
fixed concentration of insulin was greater. 

When insulin was added and kept constant at different levels, 
the oxidation of carbon 6 also increased with increasing glucose 
concentration, though to a far lesser degree. The increment in 
carbon 6 oxidation brought about by increasing glucose concen- 
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Effect of varying glucose concentrations upon metabolism of carbon 1 and carbon 6 of glucose 
by rat adipose tissue, insulin concentrations remaining constant* 


ap lucose Oxidation to COs Incorporation into fatty acids ———— Incorporation into glycogent 
Carbon 1 Carbon 6 Carbon 1 Carbon 6 Carbon 1 Carbon 6 Carbon 1 Carbon 6 
micrountils/ mi mM 

6 Oo. 12 0.37 +008 0.24 + 0.02 004 + 0.01 0.09 + 0.08 0.19 | 0.29 0.01 0.004 

0) 5 O85 + 0.06 0.30 + 0.04 0.15 + 0.03 0.37 40.10 0.22 0.51 

6 0 2 0.230 0.39 + 0.066 0.36 + 0.07 0664 0.17 0.39 0.58 0.03 | 0.01 

6 0 | &O 2.61 + 0.62 O.71 0.14 1.01 + 0.05 1.70 + 0.38 : 0.43 0.64 0.03 0.02 

6 10?) 1.25 0.66 0.09 0.22 + 0.04 0.05 + 0.01 0.12 + 0.04 | 

6 5 1.21 + 0.16 0.31 + O.18 + 0.05 0.31 + 0.07 

6 10? 20 1.41 40.11 0.33 4 0.02 0.33 + 0.04 0.69 + 0.23 

6 10? 2.35 + 0.25 0.64 + 0.16 0.80 + 0.16 1.38 + 0.29 | 

6 125 158 0.35 40.10 0.23 40.08 0.40 + 0.07 

6 5 3.09 + 0.37 0.42 +40.04 065 + 0.16 1.05 + 0.038 

12 5x 1 20 4.76 + 0.62 0.638 + 0.09 0.97 + 0.21 1.51 + 0.18 

12 5x 1 SO 6.07 + 0.98 O.83 + 0.09 1.67 + 0.42 2.54 + 0.70 

6 105 125 3.86 40.31 £00 054 40.13 1.30 40.18) 0.37 0.54 0.03 + 0.004 0.05 + 0.01 

108 5 7.82 41.17 O87 0.09 1.4440.31 2.45 40.36 0.69 0.68 0.52 + 0.10 | 0.54 + 0.12 

2 10° 2 11.99 + 1.51 0.90 + 0.05 2.59 + 0.60 5.27 + 0.71 0.78 0.71 1.19 + 0.29 1.18 + 0.22 

12 10° sO 15.87 + 1.81 0.922 + 0.07 4.62 + 0.96 9.17 41.34, 0.73 1.06 2.47 + 0.60 3.46 + 1.16 


* All values expressed as micromoles of glucose carbon 1 or carbon 6 per g of wet tissue per 3 hours, mean and standard error of 
the mean. 
t Mean of 3 values when no standard error of the mean indicated. 
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100 500 100,000 


100 $500 100,000 


(Bicorbonote buffer, incubation 3 hrs.) 


INSULIN 
MU/ mi. 


Fic. 1. Effects of varying insulin concentrations on the me- 
tabolism of glucose-1-C™ and glucose-6-C™ (5 mm) by rat adipose 
tissue. Mean of six experiments + standard errors of means. 


500 100,000 100 


(Bicorbonote buffer, incubetion 3 hrs.) 


500 100,000 


Fig. 2. Effects of varying insulin concentrations on the me- 
tabolism of glucose-1-C"* and glucose-6-C'* (20 mm) by rat adipose 
tissue. Mean of six experiments + standard errors of means. 
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tration was greater when insulin concentration was small, 
whereas carbon 6 oxidation remained essentially unchanged 
when the insulin concentration was 10° microunits per ml. The 
carbon 6 oxidation data suggests that increasing concentration 
of glucose results in stimulation of the oxidation of this carbon, 
although only until a maximal value (approximating somewhat 
less than 1 ymole per 100 mg of wet adipose tissue) is reached, 

Since comparisons among groups of experiments carried out 
in the presence of different insulin concentrations imply compari- 
son between tissues obtained from different animals, there was 
an apparent lack of a significant insulin effect at the 100 micro- 
unit level. However, a clear-cut insulin effect was obtained at 
this concentration when comparing tissues from the same animals, 
as shown further on (Figs. 1 and 2). 

Synthesis of Fatty Acids, Glycerol, and Glycogen from Carbon 1 
and Carbon 6.—As shown in Table I, lipogenesis from carbon 1 
and from carbon 6 was stimulated by increasing the glucose 
concentration of the medium in the absence as well as in the 
presence of added insulin. Lipogenesis from carbon 6 was about 
twice as great as that from carbon 1 and this ratio remained 
constant throughout. It is also evident that the absolute values 
obtained were greater when the fixed insulin concentration 
selected was greater. Increasing the glucose concentration also 
stimulated the incorporation of carbon 1 and carbon 6 into 
glycerol, both in the absence and in the presence of insulin, and 
into glycogen in the presence of added insulin (Table I). Be- 
cause of the very small amounts of glycogen synthesized during 
incubation in the absence of added insulin, it is not possible to 
state categorically whether or not increasing the glucose con- 
centration resulted in stimulation of carbon 1 or carbon 6 incor- 
poration into glycogen under these conditions. Stimulation of 
incorporation of either carbon 1 or carbon 6 into glycerol and 
givcogen appeared to be similar. 

Glucose U ptake—The influence of the four glucose concentra- 
tions selected on the glucose uptake by rat adipose tissue is 
shown in Table II. As expected, increasing the glucose con- 
centration of the medium stimulated glucose uptake. It should 
be clearly understood that the glucose uptake figures were ob- 
tained in separate experiments. With this serious limitation in 
mind, the over-all recovery of glucose carbon disappearing from 
the medium in COs, fatty acids, glycerol, and glycogen has been 
estimated. The mean over-all recovery was 60%, although some 
individual recoveries were as low as 50%. These recoveries are 
similar to those previously reported (11). 

Observation on Tissue from Alloxan-diabetic Animals— Adipose 
tissue from normal rats presumably contains small quantities of 
insulin. Since the acceleration of glucose metabolism by in- 
creasing glucose concentrations varies with the amount of insulin 
present, it was of interest to observe the effects of increasing 
glucose concentration upon tissue obtained from insulin deficient 
animals. Table III demonstrates the responsiveness to glucose 
of adipose tissue obtained from six alloxan-diabetic rats. These 
animals were severely diabetic, as indicated by random blood 
glucose levels over 450 mg per 100 ml, and also by marked weight 
loss and profound depletion of adipose depots. Because of the 
latter, each epididymal fat pad had to be used in its entirety and 
only two concentrations of glucose, labeled in carbon 1, could 
be used. Although the metabolic activity of these tissues was 
greatly depressed, a clear-cut response to increasing glucose 
concentration was nevertheless observed. This response was 
proportionally similar to the response of normal tissue. 
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Effect of Varying Insulin Concentrations, Glucose 
Concentrations Remaining Constant 


We have previously reported that the oxidation of glucose 
carbon to CO, by adipose tissue is enhanced by the presence of as 
little as 10 microunits of insulin per ml of incubation medium 
(13). Figs. 1 and 2 summarize the results of more extensive 
experiments in which the effects of 3 insulin concentrations (10°, 
5 x 10°, and 10° microunits per ml) have been studied with 
regard to the oxidation of carbon 1 and carbon 6 to COs, and 
with regard to the incorporation of either carbon into glycogen, 
glycerol, and fatty acids. Glucose concentration was kept 
constant at either 5 mm (Fig. 1) or 20 mM (Fig. 2). Increasing 
concentrations of insulin present in the medium resulted in 
increased metabolism of both carbons of glucose to all of their 
measured metabolic fates, although not always to the same 
extent. Again the oxidation of carbon 6 to CO: was least affected 
by insulin. It is of particular importance to point out that the 
general pattern of metabolism observed as a result of increasing 
insulin concentrations, glucose concentration remaining unchanged 
(Figs. 1 and 2), was qualitatively quite similar to the pattern ob- 
served as the results of increasing glucose concentrations, insulin 
concentration remaining unchanged (Table I). Thus it would 
seem that increasing glucose concentrations or increasing insulin 
concentrations affect glucose metabolism by adipose tissue in a 
qualitatively similar fashion. 

The response to increasing insulin concentrations was similar 
also, whether glucose concentration was kept constant at 5 or at 
20mm. Certain quantitative differences were apparent, such as 
in the case of the oxidation of carbon 6 which increased by a 
factor of 2.0 in the presence of insulin and 5 mm glucose, but 
only of 1.3 in the presence of insulin and 20 mM glucose. This 
discrepancy is consistent, however, with the previously mentioned 
tendency of carbon 6 oxidation to increase with increasing con- 
centrations of either glucose or insulin until a maximum value is 
approached. 


Changes in Metabolic Ratios of Glucose 
Carbon 1 to Glucose Carbon 6 


The most characteristic aspect of the metabolic pattern pro- 
duced by the presence of insulin in the incubation medium sur- 
rounding adipose tissue is the discrepancy between the magnitude 
of the insulin effect upon the metabolism of carbon 1 or carbon 
§ to either CO, or fatty acids. This discrepancy is most easily 
expressed in terms of ratios of carbon 1 to carbon 6 metabolized. 
Table 1V demonstrates the ratios obtained in the experiments 
described in Table I and Fig. 1 and 2. Whereas the carbon 1 to 
carbon 6 ratio in fatty acids remained relatively constant 
throughout (mean of 24 values reported in the table 0.507), 
significant changes were observed with regard to the ratios in 
CO. Again it would appear that these ratios were similarly 
affected by either changing glucose concentrations, insulin con- 
centration remaining constant, or by changing insulin concentra- 
tions, glucose concentration remaining constant. For example, 
at a high fixed insulin concentration (10° microunits per ml) in- 
creasing or decreasing glucose concentration produced changes 
entirely similar to those obtained by increasing or decreasing 
insulin concentration at a high fired glucose concentration (20 mM); 
conversely, at a low fixed insulin concentration (no added insulin 
to 5 & 10 microunits per ml) the changes produced by varying 
glucose concentrations paralleled those resulting from varying 
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II 


Effect of varying glucose concentrations on glucose uptake by rat 
adipose tissue incubated with two different insulin 


concentrations* 

No. of Insuli | 
| Glucose uptake 
| mM pmoles/g tissue 
6 10? 1.25 8.9 + 0.8 
5 10? | 5 12.8 + 3.0 
6 10? 20 14.3 + 4.3 
4 10? SO 15.8 + 3.6 
5 10° 1.25 8.6 + 1.4 
5 105 5 17.7 + 3.4 
5 10° 20 33.6 + 5.0 
5 10° SO 39.4 + 5.2 


* All values expressed as micromoles of glucose per g of wet 
tissue per 3 hours, mean and standard error of the mean. 


Ill 


Effect of two glucose concentrations upon metabolism of carbon 1 of 
glucose by adipose tissue from severely allozan-diabetic rats* 


No. of animals | | Oxidation to CO: 

6 | 5 0.053 + 0.015 0.005 + 0.001 

6 | 80 0.300 + 0.054 | 0.022 + 0.008 


* All values expressed as micromoles of glucose carbon | per 
mg of tissue nitrogen per 3 hours, mean and standard error of the 
mean. 


IV 


Ratios of carbon 1 over carbon 6 of glucose for oxidation of either 
carbon to COz and for incorporation of either carbon into 
long-chain fatty acids* 


| Ratios C-1:C-6 | | | Ratios C-1:C-6 
Insulin Insulin | Glucose 
concentra- concentra- Long- | 
tion tions chai chai 
| CO: fatty | COs fatty 
| acids | acids 
I. Insulin kept constant within each experiment 
0 1.25/ 1.50.42) | 1.25| 3.0) 0.41 
0 5 2.9/0.33; 10 | 5& | 4.0/ 0.50 
0 2 3.5 0.54 10? 2) «4.3 0.48 
| 10 80 | 3.7/ 0.58 
| | | | | 
5 10? 1.25| 4.5 | 0.57| 10° 1.25 4.8 0.42 
5 | 74/061; 10° | 9.0 0.59 
5X 107; 2 | 7.6 105 | | 13.3 0.49 
5x 10? 80 | 7.3 | 0.59 | 17.3 0.50 
II. Glucose kept constant within each experiment 
0 5 1.9 | 0.50 0 | 20 8A 0.35 
102 5 | 3.5 | 0.58 | 0.55 
5X10?! 5 5X 10? | 20 8.0 0.47 
| 5 | 65/049 108 | 20 | 14. 


— 


* Calculated from data in Table I and in Figs. 2 and 3. 
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TABLE V 


Relative amount of labeled glucose carbon used for lipogenesis in 
rat adipose tissue* 


Glucose kept constant within each 


Insulin kept constant within each 
experiment 


experiment 


Proportion of 


Proportion of 
recovered carbon 


recovered carbon 


Insulin Glucose presentin fatty Insulin Glucose present in fatty 
concen- concen- aci concentra- | concen- | acids 
trations trations | tions trations 
| (Carbon 1 Carbon 6 Carbon 1 Carbon 6 
O | 1.25] 6.3 | 14.7 0 s | sa tee 
10? 5 | 8.1 | 23.5 
0 | 20 16.7 | 40.2) 5 X 10° 5 | 11.0 | 37.0 
|80 | 24.8 | 55.4 105 5 | 15.1 | 45.7 
| 
10° 1.25) 11.2 48.2) 0 20 11.4 | 37.6 
10° | 5 | 13.8 | 54.1 102 | 2 | 15.3 40.6 
10° 20 15.7 | 65.5 5X10? 20 | 16.5 | 50.5 
10° | 80 | 19.5 | 62.8 10° 2 17.1. 62.9 
j 


* Calculated from data in Table I and in Figs. 2 and 3. 


insulin concentrations at the low fixed glucose concentration (5 
mM). 

The metabolic ratios for carbon 1 to carbon 6 averaged 1.1 in 
glycogen, and 0.74 inglycerol. These ratios were not significantly 
affected by either changes in glucose or changes in insulin con- 
centration. These ratios and their constancy are consistent with 
the data of Cahill et al. (18) published in the preceding report 
of this series. 


Changes in Relative Amounts of Glucose 
Carbon Used for Lipogenesis 


From the data presented in Table | and in Figs. 1 and 2, the 
percentage of recovered glucose carbon which became incorpo- 
rated into long-chain fatty acids may be calculated. The results 
of these calculations are shown in Table V and demonstrate that 
accelerated glucose metabolism results in this tissue in a relative 
as well as an absolute increase in the incorporation of the first 
and last carbons of glucose into fatty acids. Furthermore, it is 
evident that this relative increase in the use of glucose carbon 
for lipogenesis occurred when accelerated glucose metabolism 
was the result of increasing glucose concentration as well as 
when it was the result of increasing insulin levels in the medium, 


DISCUSSION 


The purpose of these studies was primarily that of demonstrat- 
ing the presence or absence of significant differences between the 
metabolic effects of varying glucose and of varying insulin con- 
centrations. The results obtained clearly indicate that, for adi- 
pose tissue, the metabolic effects of varying glucose concentra- 
tions are qualitatively and quantitatively similar to (not 
necessarily identical with) those produced by varying insulin 
concentrations. In particular, the ratio of carbon 1 incorpo- 
ration into fatty acids to that of carbon 6 remained constant (ap- 
proximately 0.5) throughout. On the basis of considerations 
which have been previously discussed in some detail (12, 18) this 
finding suggests that changes in either glucose or insulin con- 
centration symmetrically alter the rates of glucose 6-phosphate 
metabolism by both the Embden-Meverhof and the phos- 
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phogluconate-oxidative pathways. It is of interest to note that 
this is not the case when accelerated glucose metabolism has been 
produced by agents such as growth hormone (20), epinephrine 
(14), adrenocorticotrophic hormone,' or methylene blue.? 

The relative amounts of glucose carbon used for lipogenesis 
varied greatly with the over-all rate of glucose metabolism. The 
direction and the magnitude of the changes of this metabolic 
parameter (a parameter likely to reflect with some degree of 
sensitivity the interrelation of intermediary metabolism in 4 
tissue specialized for lipogenesis) were quite similar with both 
changing glucose and changing insulin concentrations. Again, 
also, this is in contrast to the pattern observed when altered 
glucose metabolism resulted from the presence of epinephrine 
(14), growth hormone (20), adrenocorticotrophic hormone,' or 
phenethyl! biguanide (21). 

Finally, special emphasis might be given to the ratios obtained 
for the oxidation of carbon 1 to that of carbon 6 to CO» As 
mentioned in the introduction, the difference between the marked 
insulin-induced stimulation of the oxidation of carbon 1 and the 
small insulin-induced stimulation of the oxidation of carbon 6 is 
both striking and, as yet, unexplained. This difference is not 
observed in the presence of other hormones. Again, however, 
these different rates of oxidation of the first and last carbon of 
glucose were associated with changes in glucose concentration as 
well as with changes in insulin concentration. 

Although the data presented in this report appear quite con- 
clusive in qualitative terms, it is evident that they do not suffice 
to rule out relatively small quantitative differences for some 
metabolic effects of variations in both glucose and insulin con- 
centration. For instance, it is possible that in the absence of added 
insulin glycogen synthesis from glucose (Table I) does not sig- 
nificantly increase with increasing glucose concentration. The 
data, however, lend considerable support to the concept that 
insulin, in this tissue, and with regard to carbohydrate and fat 
metabolism, primarily acts by increasing cither the translocation 
or the activation of glucose, and that other metabolic effects are 
secondary. While thus supporting the unifocal hypothesis of 
insulin action in this tissue, they do not, of course, rule out other 
direct effects upon metabolic parameters not measured (particu- 
larly amino acid and protein metabolism) nor do they differen- 
tiate between a primary effect upon glucose transport into the 
cell or upon its subsequent activation. Because of the small 
nonlipid intracellular volume of this tissue, it is probably poorly 
suited for measuring changes in the concentration of solutes in 
intracellular water. 


SUMMARY 


1. Epididymal adipose tissue from normal and from alloxan- 
diabetic rats has been incubated with varying concentrations of 
glucose-1-C™ and glucose-6-C™, in the presence of varying con- 
centrations of insulin, the concentrations of glucose and insulin 
being varied independently. The metabolic parameters meas- 
ured included: glucose uptake, oxidation of carbon 1 and carbon 
6 to COs, and the incorporation of carbon 1 and carbon 6 into 
glycogen, glycerol, and long-chain fatty acids. 

2. In the absence of added insulin, as well as in the presence 
of a fixed insulin concentration, glucose metabolism by adipose 
tissue from normal rats was stimulated by increasing the con- 

1G. F. Cahill, Jr., B. Leboeuf, and R. B. Flinn, in preparation. 
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centration of glucose. This stimulation was greater when the 
fixed insulin concentration selected was greater. In the absence 
of added insulin, adipose tissue obtained from severely alloxan- 
diabetic rats exhibited a similar response to increased glucose 
concentration, although the metabolic activity of diabetic tissue 
was greatly reduced. 

3. The metabolic “pattern” observed with increasing glucose 
concentration, insulin concentration remaining unchanged, was 
qualitatively and quantitatively similar to that which resulted 
from increasing insulin concentration, glucose concentration re- 
maining constant. In particular, the relative rates of oxidation of 
earbon 1 and carbon 6 of glucose, and the relative amounts of 
these carbons used for lipogenesis varied similarly with changes 
in the concentration of either glucose or insulin. 

4. The similarity of the metabolic patterns observed when 
either glucose concentration or insulin concentration was varied 
further supports, in this tissue, the unifocal hypothesis of insulin 
action upon either glucose translocation or phosphorylation, with- 
out distinguishing between these alternatives. The data reported 
do not, of course, rule out the existence of further direct effects 
of insulin upon a parameter not measured. 
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Glycogen and glycogen phosphorylase are almost ubiquitously 
distributed among mammalian tissues. The enzymatic activa- 
tion of phosphorylase is hormonally regulated, and the following 
scheme summarizes the major findings with liver phosphorylase 
(1, 2). 

ATP, Mg** 

epinephrine — 
glucagon 
phosphate 

(9) dephosphophosphorylase 
‘kinase + ATP + Mg** 
inactivating enzyme 

phosphorylase = dephosphophosphorylase 


It seemed reasonable to suppose that a study of phosphorylase 
and its activating enzymes in tumor tissues might vield some 
information bearing upon (a) the characteristically high rate of 
glucose utilization by tumors (3), and (6) the degree of control 
exerted by certain hormones over these enzymes in neoplastic 
cells. 

In previous studies (4-6) various aspects of carbohydrate me- 
tabolism and its hormonal control were investigated in several 
strains of ascites tumors and an absence of glycogen was noted 
in one of the tumors. In further preliminary reports many 
different ascites tumors were shown to possess little or no glvco- 
gen and glycogen phosphorylase (7, 8). 

It seemed striking that cells with such large capacities to 
utilize glucose should be unable to degrade glycogen appreciably 
and should therefore be free from this hormonally controlled 
regulatory mechanism. The present report contains more com- 
plete information concerning these findings. 


EXPERIMENTAL 


The tumor strains and the strains of host mice used in this 
study are listed in Table I. The majority are ascites tumors; 
exceptions are the HeLa carcinoma grown in tissue culture and 
the Rous sarcoma, a solid tumor. The method of harvesting 
the ascites tumors has been presented previously (5). HeLa 
cells grown both on glass and in suspension were the generous 
gift of Dr. Harry Eagle. The HeLa cells were harvested by 
centrifuging the cells at 200 x« g for 5 minutes. The cells were 
washed with Earle’s solution and were recentrifuged. 

Cells were homogenized at 0-5° by the following techniques. 
Sonic disintegration for 5 to 10 minutes with a Raytheon 10 ke. 
sonic oscillator; cell shearing in a motor-driven, all-glass Potter- 
Elvejhem homogenizer (Kontes Company); the application and 
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rapid release of a pressure greater than 1500 lb. per sq. in. of N, 
in a small stainless steel tank at room temperature (9); hand 
homogenization in an all-glass Tenbroeck homogenizer (Kontes 
Company); and, agitation in a Nossal shaker (10) for 90 seconds. 
The degree of homogenization was followed microscopically in 
all experiments. 

Glycogen (Nutritional Biochemicals Company) was precipi- 
tated three times from ethanol before use. Dipotassium glucose 
l-phosphate was obtained from Schwarz Laboratories. Glucose 
1 ,6-diphosphate was a gift from Dr. Victor Ginsburg, crystalline 
glucagon from Dr. O. Behrens. Glucose 6-phosphate dehydro- 
genase was prepared from veast (11). p1i-Epinephrine bitartrate 
was obtained from Winthrop Laboratories; some experiments 
were performed with epinephrine chloride solution (1: 1000) ob- 
tained from Parke, Davis and Company. Caffeine was obtained 
from the kastman Chemical Company. 

Glycogen was determined by the method of Stadie, et al. (12) 
and by the anthrone method (13). Phosphorylase was assayed 
routinely by the method of Sutherland and Wosilait (14). The 
Cori et al. phosphorylase assay (15) was used where stated. 
The method of Rall ef al. (16) was slightly modified for dephos- 
phophosphorylase activation experiments and details are pre- 
sented with the experimental data. Phosphorylase inactivating 
enzyme was assayed by the technique of Wosilait and Sutherland 
(17). Protein was determined by the method of Bucher (18) 
with crystalline bovine albumin used as the standard. Purified 
preparations of dog liver phosphorylase, dephosphophosphory lase 
and dephosphophosphorylase kinase were the generous gift of 
Dr. Earl Sutherland. Histochemical assays were very kindly 
performed by Dr. Samuel Spicer. 


RESULTS 


Polysaccharide Content of Tumor Cells 


The total polysaccharide content of freshly harvested tumors 
is given in Table Il. The average concentration of polysac- 
charide in cach tumor was approximately 5 gymoles of glucose 
equivalents per g of protein. This may be compared with 
normal rat liver containing approximately 1400 ymoles of glu- 
cose equivalents per g of protein. No glycogen was found in 
tumor cells even after incubating cells aerobically for one hour 
in Krebs-Ringer-bicarbonate buffer containing 10°, glucose. 

Since 3 to 8°) of ascites tumor cell populations consisted of 
normal erythrocytes and leukocytes, it was of interest to de- 
termine whether polysaccharides were present in the normal 
cells, in the tumor cells, or distributed among both. Fresh 
suspensions of the Ehrlich carcinoma, hepatoma, and the Krebs 
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2 carcinoma were stained with the periodic acid-Schiff reagent 
(19). Glyeogen granules were visible in the normal polymor- 
phonuclear leukocytes contaminating the ascites tumor suspen- 
sions, and the glycogen could be removed by treatment with 
diastase. No glycogen could be demonstrated in the tumor 
cells. The tumor cells exhibited a light reddish, diffuse color 
after staining which did not disappear after diastase digestion. 
It is likely that the tumor cells contain very low levels of uni- 
dentified polysaccharides, probably mucopolysaccharides. 

The chemical analyses for polysaccharide contained by the 
mast cell tumor revealed somewhat higher levels than the other 
tumor cells. Bright red granules were found in the mast cell 
tumor after periodic acid-Schiff staining. The granules did not 
disappear after diastase digestion; hence the polysaccharide was 
not glveogen. Since this tumor strain is known to synthesize 
heparin (20) it seemed likely that the granules were aggregates 
of heparin. This assumption was tested by the use of the azure 
A metachromatic stain, specific for acidic polysaccharides. The 
granules gave a positive reaction. Therefore, a close correlation 
was obtained between the chemical and the histochemical assays. 


Phosphorylase Contents of Tumor Cells 


The phosphorylase contents of the tumor cells are presented 
in Table IIL. Normal mouse liver contains an active phos- 
phorylase, whereas the phosphorylase activity of the hepatoma, 
taken from the same animal was one-tenth to one-twentieth that 
of liver. Addition of 5’-AMP did not result in an increased ac- 
tivity. Similar results were obtained with all of the tumors. 
Five homogenization techniques were applied in the hope that 
an increased activity could be obtained. In each case whole 
homogenates were used. In additional experiments, whole ho- 
mogenates were centrifuged at 100 x g for 2 minutes to remove 
debris, and the supernatant suspensions were used. No signifi- 
cant changes in phosphorylase activity resulting from different 
methods of homogenization could be found. 

Incubation of the reaction mixture for various intervals of 
time, up to 2 hours, had no effect upon phosphorylase activity. 
Asaving phosphorylase by the method of Cori et al. (15) did not 
result in an inereased activity. Addition of MnCl, (10-* M), 
ATP M), MgCh (2 « M), and UTP (10-* M) to 
«parate reaction vessels also did not increase phosphorylase 
activity. 

The pH optima of both liver and muscle phosphorylase lie 
hetween pH 6 and 7 (14,21). The pH optimum of Ehrlich 
ascites tumor phosphorylase was 6.4 and was therefore similar 
to that of normal liver and muscle. 

The phosphorylase assay was validated by demonstrating the 
stoichiometry of the reaction (Table IV). The appearance of a 
large amount of inorganic phosphate release from glucose 1- 
phosphate paralleled the net synthesis of glycogen in mouse liver 
and muscle. With Ehrlich ascites tumor homogenates, however, 
a small amount of phosphate was released from glucose 1-phos- 
phate, but no synthesis of glycogen could be detected. 

The phosphorylase reaction also was measured in the reverse 
direction, ¢. ¢., from glycogen to glucose I-phosphate by incu- 
hating tumor homogenates with glycogen and determining the 
dixappearance of the glycogen (Table V). Mouse muscle and 
liver homogenates catalyzed the rapid disappearance of glycogen; 
the rate of the reaction in hepatoma homogenates was approxi- 
mately one-tenth to one-twentieth that of liver. Essentially 
similar results were obtained with all tumor homogenates tested. 
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Taste I 
Tumor Strains 


Tumor | Type | Host Source 


Swiss mouse Dr. Arthur Schade 
Swiss mouse | Dr. Mark Woods 


Ehrlich carcinoma. | Ascites 
Krebs-2 carcinoma Ascites | 
Hepatoma-129-F 


(Reference 36) . | Ascites C;H mouse Dr. Morris Belkin 
| 


Lymphocytic leu- 


kemia-388-S..... Ascites BALB/e x | Dr. Michael Potter 
| dba mouse 
Plasma cell-70429 
(Reference 37)... Ascites C;H mouse | Dr. Michael Potter 


Mast cell-S15 
(Reference 38).. Ascites BALB/e x 
| dba mouse 


| Dr. Michael Potter 
Ascites CFW mouse | Drs. Peter Eck, 


Sarcoma-37 . 
Margaret Ogara 


HeLa carcinoma. . Tissue Dr. Harry Eagle 


cul- 
ture | 
Rous sarcoma..... Solid Chicken Dr. W. Bryan 
Taste Il 


Total Polysaccharide Content of Tumor Cells 


- 


Total polysaccharide 
umoles glucose 
equivalents g protein 


Tissue 


Hepatoma ascites... 

Ehrlich carcinoma ascites. 
Lymphocytic leukemia ascites. 

Plasma cell ascites... 

Mast cell ascites........... | 

Krebs-2 carcinoma ascites...... 
Sarcoma-37 ascites. . 
HeLa carcinoma (tissue culture)....... 


bo 


to te 


Taste lil 

Phosphorylase activity of tumor and normal tissue homogenates 

Tumor cells and liver slices were washed once with 0.9% NaCl 
and were homogenized at 5° in an all-glass Potter-Elvejhem ho- 
mogenizer (Kontes Glass Company). The concentration of 5’- 
AMP was 2 wmoles/ml reaction mixture, when present. Phos- 
phorylase was assayed by the method of Sutherland and Wosilait 
(14). In some cases the results were checked by the assay of Cori 


et al. (15). 
Ayumoles P| /10 min./mg protein 
Tissue 

| ~AMP | +AMP 
Mouse liver (normal)........... 1.57 | 1.56 
Hepatoma ascites... 0.125 | 0.0990 
Ebrlich carcinoma ascites. 0.081 | 0.0845 
Lymphocytic leukemia ascites. 0.114 | 0.116 
Plasma cell ascites ..... 0.0993 
Mast cell ascites..... | 0.0613 0.0674 
Krebs-2 carcinoma ascites... ._. 0.144 0.135 
Sarcoma-37 ascites.......... 0.134 
HeLa carcinoma (tissue culture)... 0.116 0.129 


Chicken muscle (normal)......... 1.63 | 7.23 
Rous sarcoma. . 
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TasLe IV 
Stoichiometry of the phosphorylase reaction 


Reaction mixtures contained 110 wmoles of glucose 1-phosphate, 
2.2 mg of glycogen, 220 umoles of NaF, 4 wmoles of Na ethylene- 
diamine tetracetate, and whole tissue homogenate. Final volume 
was 2.8 ml, pH 6.1. Flasks were incubated for 20 minutes at 37° 
with shaking. Aliquots were taken for analysis at 0 and 20 min- 
utes. Inorganic phosphate was determined by the method of 


Tissue AP; 4 glycogen smoles/ flask 
umoles,/ flask (glucose equivalents) 
Mouse liver........ 39.5 32.2 
Mouse muscle. . 26.4 18.6 
Ehrlich ascites tumor 3.8 —2.9 
TaBLe V 


Glycogen utilization by tumor and normal tissue homogenates 


Reaction mixtures contained 6 mg of glycogen (33.3 ymoles glu- 
cose equivalents), 200 wmoles of inorganic phosphate, 100 ymoles 
of NaF, 2 wmoles of 5’-AMP (when present), and whole tissue 
homogenate. pH was 6.1; final volume, 3.0 ml. Aliquots were 
taken for analysis at 0 and 60 minutes. Glycogen was determined 
by the method of Stadie ef al. (12). 


A glycogen ymoles glucose 
equivalents/mg protein/hr 


Tissue 
+AMP 
Normal mouse muscle..... -66+0.3 -6.0 40.3 
Normal mouse liver..... —4.3 | —4.2 
Hepatoma ascites............... | 
Ebrlich carcinoma ascites... —().2 
Lymphocytic leukemia ascites... 0 —0.3 
Plasma cell ascites........ —0.3 —O.1 
Mast cell ascites........ — —0.4 —0.3 
Krebs-2 carcinoma ascites. .... —1.0 —1.1 
+0.1 +0.3 


HeLa carcinoma (tissue culture). . 


Such phosphorylase activity as was found in the tumor ho- 
mogenates might have been due to the presence of normal eryth- 
rocytes and leukocytes. This possibility was tested by apply- 
ing a histochemical phosphorylase assay (22) to the Ehrlich 
carcinoma, hepatoma, and Krebs-2 carcinoma cell suspensions. 
A highly active phosphorylase, as judged by histochemical stain- 
ing, was found in the normal polymorphonuclear leukocytes; no 
phosphorylase activity whatsoever could be detected in the tumor 
cells. It seems likely, then, that most or all of the phosphorylase 
activity found in the tumor homogenates is due to the presence 
of small amounts of normal cells contaminating the tumor cell 
suspensions. It should be noted, though, that HeLa cells are 
obtained in pure culture, and small, but nonetheless significant, 
phosphorylase activity can be found. 

The low phosphorylase content of ascites tumor homogenates 
was validated in still another manner. The following spectro- 
photometric method was devised to assay glycogen phosphoryl- 
ase. 


P; glucose l-phosphate (1) 


Glycogen + 
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900 - — 
B00 - >+PHOSPHORY- 
S LASE 
.700 
600 r 7 
~ . 
500 | 
400 
GQ 300 +5-AMP 
=z .200 + -5-AMP 
| 
= 100 r MINUS 4 
2 3 4 5 


MINUTES 


Fic. 1. Spectrophotometric assay of Ehrlich ascites tumor 
phosphorylase. The reduction of TPN was followed at 340 mg. 
© erystalline muscle phosphorylase added; @ 0.2 wmoles 5'-AMP 
added; A minus 5’-AMP; 0 minus glvcogen. The reaction mix- 
ture consisted of the following: 40 wmoles of tris(hydroxymethyl) 
aminomethane, pH 7.0; 10 smoles of NaF; 10 smoles of phosphate, 
pH 7.0; 20 umoles of glveogen (glucose equivalents); 0.005 pmole 
of glucose 1,6-diphosphate; 50 wmoles of neutralized cysteine; 0.8 
umole of TPN; glucose 6-phosphate dehydrogenase; and clarified 
tumor supernatant fluid (3.0 mg of protein). The final volume 
was 1.0 ml. 


phosphoglucomut ase 


Glucose 1-phosphate 
glucose 1,6-diphosphate 


cysteine (2) 
glucose 6-phosphate 
glucose 6-phosphate 
+ TEM (3) 


6-phosphogluconic acid + TPNH 


The formation of TPNH was followed spectrophotometrically 
at 340 mu. The results of these analyses are given in Fig. 1. 
The data of Fig. 1 demonstrate that TPNH is rapidly formed 
when crystalline muscle phosphorylase is added to the reaction 
mixture. The formation of TPNH is dependent upon the addi- 
tion of glveogen. It should be noted that Ehrlich ascites tumor 
extracts contain 6-phosphogluconic acid dehydrogenase; there- 
fore, approximately 2 wmoles of TPNH are formed for each 
pmole of glucose 6-phosphate consumed (5). A slight lag can 
be observed at the beginning of the reaction, but the rate of the 
reaction is proportional to time after the first minute. When 
glycogen was omitted from the reaction mixture little TPNH 
was formed, and this demonstrates in an independent manner, 
the low amount of endogenous glycogen present in tumor ho- 
mogenates. Addition of 5’-AMP had no effect upon the phos 
phorylase activity of the tumor homogenates. 

The spectrophotometric phosphorylase assay of Ehrlich ascites 
tumor homogenates was compared with the phosphorylase assay 
based upon the disappearance of glycogen (Table V) and the 
phosphorylase assay of Sutherland and Wosilait (Table IID). 
The values obtained with each method respectively /mg protein/ 
10 minutes were: 0.035 umole glucose 1-phosphate formed from 
glycogen, 0.033 umole glucose equivalents disappearing from 
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givcogen, and 0.081 ymole P, released from glucose 1-phosphate. 
separate Ehrlich ascites tumor homogenates were prepared for 
each analysis, yet the results of the three different types of assays 
exentially agree with each other. It seems reasonable to con- 
elude that Ehrlich ascites tumor homogenates have 3 to 10% of 
the phosphorylase activity of normal liver or muscle and that 
most or all of the observed activity is derived from normal 
leukocytes present in the ascites suspensions. 

Ehrlich ascites tumor homogenates can utilize glucose 1-phos- 
phate. Supplementation with glucose 1,6-diphosphate and 
evysteine was necessary for optimal phosphoglucomutase activity; 
both were routinely added for phosphorylase assays. The results 
of Fig. | demonstrate that phosphoglucomutase is present and 
is not rate limiting in glycogen degradation by Ehrlich ascites 
tumor homogenates. Phosphoglucomutase has also been dem- 
onstrated in the Novikoff hepatoma (23). 


Phosphorylase Activity of Tumor of Viral Origin 


The phosphorylase content of a virus-induced tumor, the Rou§ 
carecoma, and normal chicken muscle are presented in Table III- 
Both samples of tissue were removed from the same animal. The 
Rous sarcoma was a solid tumor and was not studied as com- 
pletely as the other tumors, but nonetheless low phosphorylase 
levels, comparable to the ascites tumors and the HeLa carcinoma, 
were found. 


Activation of Phosphorylase by Epinephrine and Glucagon 


Since epinephrine and glucagon are involved in the activation 
of phosphorylase, it seemed logical to determine whether either 
hormone could facilitate the activation of phosphorylase in 
hepatoma and Ehrlich ascites tumor cells. The addition of 50 
yz ‘ml of epinephrine and 25 ug/ml of glucagon to mouse liver 
slices resulted in a marked and rapid reactivation of phosphoryl- 
ase. Additions of epinephrine and glucagon to hepatoma and 
epinephrine to Ehrlich ascites tumor cells had no effect upon 
phosphorylase activation. These data demonstrate the absence 
of this hormonally controlled enzymatic response in these tumors. 


Studies with Phosphorylase Activating System 


Sinee the tumor cells had negligible phosphorylase activities 
and were not responsive to epinephrine and glucagon, it was of 
interest to determine whether the phosphorvlase activating en- 
zymes were present. The data of Table VI demonstrate that 
HeLa carcinoma, hepatoma, and Ehrlich carcinoma homogenates 
ean convert dephosphophosphorylase to phosphorylase. Addi- 
tion of dephosphophosphorylase kinase had no effect upon phos- 
phorviase activation in HeLa and Ehrlich carcinoma homog- 
enates, but increased the phosphorylase activity of the hepatoma 
homogenate. The conversion of dephosphophosphorylase to 
phosphorvlase was not proportional to the amount of homog- 
enate added, possibly due to the involvement of adenosine-3’-5’- 
evelic phosphate in the over-all reaction. The activation of 
phoephorviase was dependent upon the presence of ATP. The 
results of Table VI demonstrate that the tumors possess a vigor- 
ous dephosphophosphorylase-activating svstem and a relative 
absence of dephosphophosphory lase. 


Phosphorylase Inactivating Enzyme 


The question may be asked, “Does the Ehrlich ascites tumor 
have a high phosphorvlase inactivating enzyme activity?” The 


M. W. Nirenberg 
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Taste VI 
Activation of Dephosphophosphorylase by HeLa, Hepatoma 
and Ehrlich Homogenates 

Reaction mixtures contained 4 wmoles of tris(hydroxymethyl) 
aminomethane, pH 7.4, 0.34 wmole of ATP, 0.5 umole of MgSO,, 
0.039 wmole of epinephrine Cl., whole homogenate, and where 
indicated, dog liver dephosphophosphorylase and dog liver de- 
phosphophosphorylase kinase. 0.05 ml of the HeLa and hepatoma 
homogenates contained 2.37 and 1.90 mg of protein respectively. 
0.15 ml of Ehrlich homogenate contained 9.04 mg of protein. 
Total volume was 0.2 ml. Reaction mixtures were incubated at 
30° for 5 minutes. 1 ml of the phosphorylase reagent (14) contain- 
ing 2.0 umoles 5'-AMP was then added, and the tubes were incu- 
bated at 37° for 20 minutes. Samples were deproteinized by tri- 
chloroacetic acid precipitation at 0 and 20 minutes. 


HeLa Ehrlich 
No. Addition carci carci. 
0.05 None «0.083 
0.05 + Dephosphophosphorylase 6.48 0.850 
0.10 None 0.549 


10 + Dephosphophosphorylase | 15.7 | 11.7 

0.15 None 0.768 41.19 1.68 

0.15 + Dephosphophosphorylase 19.7 | 15.8 13.2 

0.15 + Dephosphophosphorylase | 

+ Dephosphophosphorylase 20.9 | 28.0 = 12.3 
kinase | 

0.15 + Dephosphophosphorylase | 3.96 | 2.01 

— ATP 

Dephosphophosphorylase 1.90 

+ Dephosphophosphorvlase 
kinase 

— Homogenate + dephos- | | 0 
phophosphorylase + de- | 
phosphophosphorylase ki- | 
nase 


= 
=> 
= 


9 O.15 


conditions for assaying liver phosphorylase inactivating enzyme 
have been deseribed (17). Purified preparations of dog liver 
phosphorylase were added to homogenates of normal mouse 
liver and Ehrlich tumor cells and the disappearance of phospho- 
rylase activity was measured at 10 and 20 minutes. The specific 
activity of the phosphorylase inactivating enzyme in homog- 
enates of dog liver is reported to be 1.2 to 1.6 (17). Under 
identical conditions the specific activity of this enzyme in mouse 
liver was 0.04 and in Ehrlich ascites tumor, 0.02. The low value 
obtained in mouse liver, as compared to dog liver possibly may 
be a species difference. These experiments demonstrate that 
mouse liver can inactivate phosphorylase at approximately twice 
the rate of Ehrlich ascites tumor. The possibility that the tumor 
extract contains a powerful inhibitor of phosphorylase can there- 
fore be excluded. 


DISCUSSION 


Tumors exhibit such diversity in form and type that it would 
seem highly unlikely to expect a relative absence of phosphorylase 
in all tumors. The results obtained with ascites tumors should 
not be extrapolated to other types of tumors. Phosphorylase has 
been demonstrated in two types of solid tumors (24); however, 
considerably decreased phosphorylase levels have also been at- 
tributed to a solid hepatoma (25). Since solid tumors contain 
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variable numbers of normal cells such as connective tissue, as- 
cites tumors were used primarily in this study. One advantage 
of ascites tumors is the relative purity of cell type which can be 
obtained. 

Glycogen synthesis has been shown to proceed in a variety of 
tissues by Leloir and others (26-29) by an irreversible UDP 
glucose transferase reaction. This, rather than phosphorylase, 
may be the main route of glycogen synthesis. Dr. R. Wu* has 
found UDP-glucose transferase in HeLa cells. Under certain 
growth conditions the cells can accumulate glycogen; then low 
levels of phosphorylase, about 1°; that of an equivalent amount 
of muscle, can be demonstrated. Since HeLa carcinoma homog- 
enates can rapidly reactivate added dephosphophosphorylase 
(Table VI), the rate-limiting factor appears to be the availability 
of dephosphophosphorylase. UDP-glucose transferase has not 
been looked for in ascites tumors. Although no stored glycogen 
can be found in these tumor cells, the absence of glycogen need 
not always go hand in hand with the absence of phosphorylase. 
The possibility exists that some cells contain UDP-glucose trans- 
*ferase but lack phosphorylase. This situation might result in a 
marked accumulation of glycogen. 

Rat muscle and brain have little phosphorylase at birth, and 
after approximately 10 days the phosphorylase activities rise to 
adult levels (30). The phosphorylase content of rat liver 1 day 
after term also is greatly reduced.* Fetal guinea pig liver, how- 
ever, contains adult quantities of phosphorylase (31). Some, 
but not all embryonic tissues, therefore, have greatly reduced 
phosphorylase levels when compared to the corresponding adult 
tissues. 

Although both glycogen and phosphorylase are present in al- 
most all adult mammalian tissues, every cell type need not con- 
tain these substances. Histochemical studies have demon- 
strated, for example, the uneven distribution of phosphorylase 
activity among different cell types of a given tissue (22). Pre- 
liminary work with a virus-induced tumor, the Rous sarcoma, 
has revealed remarkably low phosphorylase levels when com- 
pared with normal chicken muscle taken from the same animal. 
Although this tumor is a sarcoma, chicken muscle may not be 
an adequate control, for the Rous sarcoma can arise from in- 
fected avian fibroblasts (32). Although no answer is available, 
the question should be raised, “Do certain types of normal cells 
such as fibroblasts also have low phosphorylase levels, and, if so, 
are ascites tumors derived primarily from these cell types?” 

The breakdown of glycogen in both liver and muscle is clearly 
regulated by a complex hormonal mechanism. The extremely 
rapid interconversion of dephosphophosphorylase and phospho- 
rylase in resting versus contracting muscle has been emphasized 
(33), and it is possible that the activation and deactivation of 
phosphorylase controls the release of distinct waves of glucose- 
1-phosphate which can be converted quickly to lactate either 
with the concomitant production of pulses of ATP, if it is metab- 
olized via the Embden-Meyerhof pathway, or with the produc- 
tion of waves of TPNH if it is metabolized via the hexose mono- 
phosphate shunt. Although ascites tumor cells have exceedingly 
high rates of carbohydrate metabolism, they lack to a large 
extent this hormonal regulatory mechanism. The suggestion 
has been made (34) that some tumors become insensitive to 
certain controlling forces, such as hormonal regulation, through 
loss or inhibition of particular enzyme pathways. Transhydro- 


2 Personal communication. 
3M. W. Niremberg, unpublished results. 
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genase is present in normal liver but has not been found in a 
number of ascites tumors (35), including a hepatoma. Addition 
of epinephrine and glucagon to hepatoma cells in this study did 
not result in an increased level of phosphorylase, possibly because 
of the low amount of dephosphophosphorylase available. 

Since it is always difficult to validate a negative finding, such 
as the absence of an enzyme, an attempt has been made to in- 
vestigate thoroughly the parameters of the phosphorylase assay, 
It seems reasonable to conclude that the phosphorylase contents 
of the ascites tumors studied, such as the hepatoma, are very 
low when compared with normal liver or muscle. It is not pos- 
sible with the methods available to ascribe a total absence of 
phosphorylase to ascites tumors. It should be noted that the 
phosphorylase levels herein ascribed to ascites tumors undoubt- 
edly represent maximal values, for histological examination re- 
vealed high phosphorylase activity in normal leukocytes also 
present in ascites suspensions. No phosphorylase whatsoever 
could be detected histologically in the tumor cells. 

It seems striking that these tumors, utilizing monosaccharides 
at such rapid rates, should be relatively unable to degrade gly- 
cogen. In normal cells glycogen appears to serve the cell as a 
hormonal!y controlled reservoir, or buffer, for “energy” and sub- 
strates. Clearly, the tumor cells studied neither possess a car- 
bohydrate reserve nor have, to any appreciable extent, the con- 
trol mechanism which may release pulses of intracellular glucose 
l-phosphate. It is not known what effect this may have upon 
the metabolism and economy of these neoplastic cells. 


SUMMARY 


The glycogen phosphorylase activities of seven types of ascites 
tumors, a tumor grown in tissue culture, and a solid virus-induced 
tumor were determined by chemical and histochemical tech- 
niques. Negligible phosphorylase activities were found com- 
pared to normal control tissues. Although glycogen is present 
in some neoplastic cells, little or no glycogen could be found 
in the ascites tumors. The phosphorylase activating enzymes 
of three tumors were studied. All contained ATP-dependent 
phosphorylase activating enzymes but had negligible amounts of 
dephosphophosphorylase. No epinephrine or glucagon-induced 
activation of phosphorylase was observed. 

It is not known whether this enzymatic defect in ascites tumors 
can be extrapolated to other types of tumors. The relative 
absence of a hormonal mechanism regulating stored carbohydrate 
utilization in ascites tumors was discussed and was held in con- 
trast to the rapid degradation of monosaccharides by these tu- 
mors. 
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Scurvy is associated with abnormal carbohydrate metabolism 
and diminished production of insulin (1). Banerjee et al. (2) 
observed increased accumulation of citrate, malate, and lactate 
in the tissues of scorbutic guinea pigs. This was possibly due to 
the insulin insufficiency associated with scurvy since prolonged 
injection of insulin to scorbutic guinea pigs diminished the tissue 
concentrations of these acids. Banerjee et al. (3) also observed 
decreased succinic acid dehydrogenase and malic acid dehydro- 
genase activity in tissues of scorbutic guinea pigs, which came 
to the normal level after the scorbutic animals received prolonged 
injection of insulin. Increased accumulation of citrate in tissues 
of scorbutic animals supposedly due to a decreased activity of 
the enzyme or enzymes intimately concerned with citrate oxida- 
tion through the tricarboxylic acid cycle. It was, therefore, of 
interest to study the metabolism of the members of the tricar- 
boxylic acid cycle in scurvy. In the present investigation, the 
urinary excretions of the keto acids, pyruvic acid, a-ketoglutaric 
acid, and oxaloacetic acid, were estimated in the urine of normal 
and scorbutic guinea pigs before and after they were fed citric, 
succinic, and malic acids. As insulin has marked effects on the 
enzyme systems of the Krebs cycle (4) the effects of prolonged in- 
jection of insulin in scorbutic guinea pigs on the excretion of keto 
acids were also studied. 


EXPERIMENTAL 


Materials and Methods 


Male guinea pigs, weighing from 250 to 300 g were fed with 
green grass, soaked gram, and the scorbutic diet (5) for 5 to 6 
days. Those animals which grew well were selected and sepa- 
rated into several groups, each group consisting of one normal, 
one scorbutic, and one insulin-treated scorbutic guinea pig. The 
animals in each group were fed equal amounts of the scorbutic 
diet. The normal control was fed 5 mg of ascorbic acid daily. 
All the animals were fed 2 drops of a concentrate of vitamins A 
and D twice a week. Regular insulin (Lilly) was injected sub- 
cutaneously into the animal intended for insulin treatment with 
a dose increasing from 0.1 to 0.3 unit per 100 g body weight per 
day from the beginning of the second week. Twenty-four-hour 
urine samples were collected under toluene from individual ani- 
mals to determine the basal excretion of pyruvic acid, a-keto- 
glutaric acid, and oxaloacetic acid. Each animal was then fed 
at intervals citric acid (1 mmole per 100 g body weight), succinic 
acid (2 mmole per 100 g body weight), and malic acid (2 mmole 
per 100 g body weight) for two consecutive days and the urinary 
excretions of the different ketoacids were estimated (Table I). 

Pvruvie acid, a-ketoglutaric acid, and oxaloacetic acid in the 


urine samples were converted into dinitrophenylhydrazones and 
separated by paper chromatography according to the method of 
Hawary and Thompson (6). ‘Twenty-four-hour urine samples 
were treated with 2 ml of 0.2% 2,4-dinitrophenylhydrazine in 2 
N hydrochloric acid, kept at 38° for 20 minutes, and extracted 
with 5-ml aliquots of ethyl acetate. The combined ethy! acetate 
phase was extracted four times with 2 ml of 10% sodium carbon- 
ate, the sodium carbonate extract was neutralized with cold 
concentrated hydrochloric acid, and extracted four times with 2 
ml of ethyl acetate. This combined extract was evaporated to 
dryness under reduced pressure, the residue dissolved in 0.1 to 
0.3 ml of 0.1 N sodium hydroxide, and treated with phosphate 
buffer (0.1 mM; pH 7.2) until the red color of the solution disap- 
peared. The total volumes of sodium hydroxide and phosphate 
buffer added were noted and 0.2 ml of the solution was chroma- 
tographed with n-butanol-ethanol-0.5 N ammonia (70:10:20) as 
the solvent. Ten yg of the synthetic hydrazones of the keto 
acids dissolved in 0.02 ml of dilute phosphate buffer were applied 
to paper strips and chromatographed simultaneously. The vyel- 
low spots were cluted with sodium carbonate, the eluate treated 
with sodium hydroxide, and the pink color estimated in a Klett- 
Summerson photoelectric colorimeter. Recovery experiments 
with these keto acids gave the following values: 90% for pyruvie 
acid, 88% for a-ketoglutaric acid, and 95% for oxaloacetic acid. 
Spots were identified by running standard hydrazones of the keto 
acids simultaneously along with the unknown samples. 


RESULTS 


Excretion of Pyruvic, a-Ketoglutaric Acid, and Oxaloacetic Acid 
before and after Feeding of Citric Acid—After the feeding of citrie 
acid to normal guinea pigs the urinary excretion of pyruvic acid 
did not change, excretion of a-ketoglutaric acid increased, and 
oxaloacetic acid which was absent in normal urine, appeared. 
Scorbutic guinea pigs excreted increased amounts of pyruvic acid 
which was further enhanced after the feeding of citric acid. The 
urinary excretion of a-ketoglutaric acid greatly diminished in 
scorbutic guinea pigs and did not rise after the feeding of citrie 
acid. Scorbutic guinea pigs excreted measurable quantities of 
oxaloacetic acid and the excretion increased slightly after the 
feeding of citric acid. When the scorbutic guinea pigs were 
treated with insulin the urinary excretion of pyruvic acid was 
considerably lowered. The excretion, however, was higher than 
the excretion by the normal guinea pig. The a-ketoglutaric acid 
excretion in the insulin-treated scorbutic animal was slightly 
higher than that of the scorbutic guinea pigs. 

Excretion of Pyruvic Acid, a-Ketoglutaric Acid, and Oraloacetic 
Acid after Feeding Succinic Acid and Malic Acid—After the feed- 
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Twenty-Sour-hour urinary excretion of a keto acids* by guinea pigs before and after they were fed Krebs cycle intermediates 


Pyruvic acid a-Ketoglutaric acid Oxaloacetic acid 
Before After Before After Before After 
we Me me ME BS 
Citric acid (I mmole/ Normal 176 + 6.5 170 + 7.6 205 + 11.4 369 + 15.7 0 6S + 1.9 
10 g body wt.) Scorbutic 249 + 24.7 566 + 14.1 161] + S.7 174 + 6.0 S4 + 2.4 93 + 4.8 
Insulin-treated 206 + U.S 311 0.7 IS? + 7.9 228 + 13.8 4 t 5.3 S2 + 5.5 
scorbutic 
succinic acid (2 Normal 161 + 16.8 226 + 21.6 200 + 6.4 381 + 18.5 0) 78 + 5.3 
mmoles 00 g¢ body Seorbutic 252 + 386 + 9.1 + 7.4 ISS S34 7.2 04 + 9.7 
wt.) Insulin-treated Is6 + 6.7 275 + 21.5 193 + 12.1 252 + 11.7 72 + 6.4 07 + 2.7 
scorbutic 
Malic acid (2 mmoles, Normal 162 + YS 235 + 5.2 206 + 7.0 S68 + 20.9 0 7é t 8.3 
100 ¢ body wt.) Scorbutie 256 + 13.2 368 + 10.4 152 + 6.6 75 + S.4 82 + 3.8 106 + 2.8 
Insulin-treated + 271 + 6.5 179 + 7.9 214 + 9.5 o¢ + 1.2 79 + 8.3 
scorbutic 


*\Mean + standard error. 
t There were six animals in each group. 


ng of succinic acid and malic acid, the urinary excretion of pyru- 
vie acid increased in normal guinea pigs. The excretion was fur- 
ther enhanced when the animals developed scurvy. The insulin 
treatment of the seorbutic guinea pigs diminished the urinary ex- 
cretion of pyruvic acid. The urinary excretion of a-ketoglutaric 
acid increased in normal guinea pigs after the feeding of succinic 
and malic acid. The increase in excretion was not marked in 
scorbutic guinea pigs. Oxaloacetic acid was present in measur- 
able quantities in the urine of both scorbutic and insulin-treated 
scorbutic guinea pigs before or after the feeding of succinic and 
malic acid. 


DISCUSSION 


In scurvy, the urinary excretion of pyruvie acid and oxalo- 
acetic acid increased whereas that of a-ketoglutaric acid de- 
ereased in comparison to excretions by normal guinea pigs. It 
is possible that a defective operation of the Krebs cycle prevents 
the entry of pyruvic acid effectively into the cycle for oxidation 
resulting in the accumulation of pyruvie acid in blood. Enor- 
mous increase in the tissue content of lactic acid observed pre- 
viously (2) is in consonance with the present result. Decreased 
exeretion of a-ketogyitaric acid is possibly due to the defective 
operation of the Krebs cycle before the formation of the keto acid. 

After the feeding of citric acid to normal animals there was in- 
creased excretion of a-ketoglutaric acid and oxaloacetic acid. 
Pyruvic acid exeretion did not change. As the Krebs cycle goes 
in the forward direction, the load of citric acid goes to the forma- 
tion of a-ketoglutaric acid and oxaloacetic acid and these are 
subsequently exereted in larger quantities. Ingested citrie acid 
is possibly completely oxidized in the cycle and its metabolism 
in the glveolytic evele through the formation of pyruvate may not 
be a preferable pathway. When citric acid was fed to scorbutic 
animals a different metabolic picture was observed; the excretion 
of a-ketoglutaric acid and oxaloacetic acid was only slightly in- 
creased and pyruvic acid excretion was greatly enhanced. This 
possibly indicates that citric acid could not go to the formation 
of a-ketoglutaric acid due to a defect in the operation of the 
Krebs evele at a level which was below citric acid and above +- 


ketoglutaric acid. In spite of this defect in the operation of the 
eyele, there was increased excretion of oxaloacetic acid and pyru- 
vie acid. It was possible that the enormous accumulation of 
citric acid in scurvy might have caused shifting of the equilibrium 
position of reactions towards malate formation which gave rise 
to increased accumulation of oxaloacetate and pyruvate (7, 2). 
The existence of the glyoxalate shunt in microorganism and plant 
tissue which drives citrate to give rise to malate through isocitrase 
and malate synthetase has been reported. Such a mechanism 
with an ascendency in scurvy as a result of a defect in the Krebs 
cycle might have been possible which could explain the accumula- 
tion of malic acid, oxaloacetic acid, and pyruvic acid. But the 
two key enzymes, isocitrase and malate synthetase, have not 
been demonstrated so far in animal tissues. 

When succinic acid and malic acid were fed to normal animals, 
the excretion of the @ keto acids were increased. Pyruviec acid 
could be derived by decarboxylation of malic acid and oxaloacetic 
acid. The other two keto acids could be derived from the in- 
gested acids as the Krebs cycle goes in the forward direction. 
When succinic acid and malic acid were fed to scorbutie guinea 
pigs, the urinary excretion of pyruvic acid and oxaloacetic acid 
were further increased and the urinary excretion of a-ketoglu- 
taric acid which was lowered was only slightly increased. This 
also shows that succinic acid and malice acid could not go to the 
formation of a-ketoglutaric acid in scurvy possibly due to a defect 
in the cycle at level above a-ketoglutarate. Banerjee et al. (3) 
observed that the activities of succinic acid and malic acid de- 
hydrogenases were moderately decreased in scurvy. In spite of 
this decrease in the activity of these enzymes, increased excretion 
of oxaloacetic acid by scorbutic guinea pigs could be observed. 
The decrease in the activity of the enzymes in the tissues of scor- 
butic guinea pigs ranged between 25 and 60%. Under conditions 
of loading such as resorted to in the present investigation, it was 
possible that in spite of the moderate decrease in the activity of 
succinic and malic dehydrogenases in scurvy, the loads of succinic 
acid and malic acid could give rise through mass action to con- 
siderable amounts of their subsequent oxidative products. An 
outstanding effect of scurvy seems to be the inability to form a- 
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ketoglutaric acid from all precursors which show that the lesion 
or lesions involved may be quite sensitive. The results obtained 
in the present experiments are rather tentative and in no way 
very conclusive. Two important aspects which have not been 
taken into account are the possible action of intestinal microflora 
on the ingested acids and the functioning of the kidney. 

The effect of insulin treatment to scorbutic guinea pigs was to 
reverse the excretion patterns of @ keto acids. The increased 
urinary excretion of pyruvic acid and oxaloacetic acid by scor- 
butic guinea pigs before and after they were fed Krebs cycle in- 
termediates were considerably lowered after treatment with insu- 
lin. Likewise the urinary excretion of a-ketoglutaric acid, which 
was very low, increased after treatment of the deficient animals 
with insulin for a prolonged period of time. The whole effect 
of insulin treatment was to restore to normal the metabolism 
through the Krebs cycle to a great extent. The result is in sup- 
port of the contention that insulin insufficiency associated with 
scurvy is responsible to a great extent for the deranged metabo- 
lism of carbohydrate through the Krebs cycle. 


SUMMARY 


1. The urinary excretion of pyruvic acid, a-ketoglutaric acid, 
and oxaloacetic acid was determined in normal, scorbutic, and 
insulin-treated scorbutic guinea pigs. These excretions were also 
studied after the animals were fed citric, succinic, and malic acids. 

2. Normal guinea pigs excreted pyruvic acid. The excretion 
increased when the animals were fed succinic and malic acids. 
The administration of citric acid did not alter the urinary excre- 
tion of pyruvie acid. Scorbutic guinea pigs excreted increased 
amounts of pyruvic acid, and the excretion was further enhanced 
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when the animals were fed citric, succinic, and malic acids. 
When the scorbutic guinea pigs were treated with insulin, the uri- 
nary excretion of pyruvic acid diminished. 

3. Normal guinea pigs excreted a-ketoglutaric acid. The ex.- 
cretion increased when the animals were fed citric, succinic, or 
malic acids. The urinary excretion of a-ketoglutaric acid dj- 
minished when the animals developed scurvy. The feeding of 
citric, succinic, and malic acids to scorbutic animals did not 
change this excretion. Treatment of the scorbutic animals with 
insulin increased the urinary excretion of a-ketoglutaric acids. 

4. Normal guinea pigs did not excrete oxaloacetic acid which, 
however, appeared in urine after the animals were fed citric, sue- 
cinic, and malic acids. Scorbutic animals excreted oxaloacetie 
acid in urine both before and after the administration of these 
acids. Treatment of the scorbutic animals with insulin led to the 
diminution in the excretion of this acid. 
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The utilization of ribitol by Aerobacter aerogenes involves the 
formation of p-ribulose as the first step in a metabolic sequence 
(1). It has been suggested that p-ribulose can be further me- 
tabolized to p-ribulose 5-phosphate before its utilization (1, 2), 
presumably by means of aerobic glycolysis. Burma and Hor- 
ecker (3) have reported the presence of a ribulokinase in Lacto- 
bacillus plantarum grown on L-arabinose which can phosphorylate 
either isomer of ribulose to the corresponding 5-phosphate, how- 
ever, the activity of this enzyme appears to favor the phosphoryl- 
ation of L-ribulose. Similarly Simpson and Wood (4) have dem- 
onstrated the existence of L-ribulokinase in A. aerogenes grown on 
L-arabinose. 

The purpose of the present paper is to report on the purifica- 
tion and properties of a specific p-ribulokinase from A. aerogenes. 


EXPERIMENTAL 


Preparation of Cell-free Extracts—A. aerogenes (ATCC 9621) 
was grown on an inorganic salt medium (5) supplemented with 
0.4°; glucose and 0.06% ribitol for 48 hours at 30° with shaking. 
The procedures employed for harvesting and washing the cells, 
and preparing cell-free extracts, were reported earlier (1). The 
extracts thus prepared were in all cases found to contain ribitol 
dehydrogenase (1) when assayed with DPN and ribitol; however, 
extracts from A. aerogenes grown on glucose as the sole carbon 
source lacked both ribitol dehydrogenase and p-ribulokinase. 

Materials—Phosphoenolpyruvate was a product of the Cali- 
fornia Foundation for Biochemical Research. ATP was pur- 
chased from the Pabst Laboratories and chromatographed on 
Dowex | (formate). All other nucleotides, and acid phospha- 
tase, were bought from the Sigma Chemical Company. Lactic 
dehydrogenase (containing pyruvate kinase) was obtained from 
the Worthington Biochemical Corporation. Samples of L-ribu- 
lose were kindly furnished by Drs. Smyrniotis and W. A. Wood, 
and phosphopentoisomerase was a gift of Dr. B. L. Horecker. _ p- 
Ribulose was prepared by the method of Glatthaar and Reich- 
stein (6). 

Determinations— All spectrophotometric measurements were 
made with a Beckman model DU spectrophotometer. p-Ribu- 
lose was determined either by the cysteine-carbazole method (7) 
or enzymatically with ribitol dehydrogenase (1) as follows: 0.5 
umole of DPNH, 1000 wmoles of Tris-chloride buffer, pH 7.4, 
approximately 0.1 wmole of p-ribulose solution (stored frozen at 
pH 3.5, thawed, and neutralized to pH 6.0) and 0.1 ml of ribitol 
dehydrogenase (5 units) in a total volume of 2.6 ml were added 
to a quartz Beckman cell and the ensuing reaction followed to 


* This study was supported in part by a research grant (A-1678) 
from the United States Public Health Service. 


conclusion spectrophotometrically at 340 my and 28°. Another 
cell containing the assay mixture to which had been added boiled 
enzyme, was read against the sample in which the reaction was 
occurring. The initial concentration of p-ribulose was deter- 
mined on the basis of the disappearance of DPNH, which in turn 
was calculated from the change in absorbance at 340 my assum- 
ing Em,,, = 6.22 * 10° for DPNH. The calculated error inher- 


ent in the use of this assay for p-ribulose with a 5-fold excess of 
DPNH is less than 1%. 

ADP was determined enzymatically (8), and inorganic ortho- 
phosphate was estimated by the procedure of Taussky and Shorr 
(9). ATP in the presence of known amounts of ADP was meas- 
ured as acid-labile phosphate after subtracting the contribution 
made by ADP. pv-Ribulose 5-phosphate was estimated from 
its inorganic orthophosphate content after treatment with acid 
phosphatase. Ribose 5-phosphate was assayed by the phloro- 
glucinol method (10). Protein was determined by the procedure 
of Lowry et al. (11). 

Assay of v-Ribulokinase—p-Ribulokinase was assayed in a 
standard reaction mixture containing 200 uwmoles of Tris-chloride 
buffer, pH 8.5, 2.2 umoles of p-ribulose, 2.5 wmoles of ATP, 5 
pmoles of MgSO,, 25 umoles of 8-mercaptoethanol,' and enzyme 
in a final volume of 0.65 ml. Incubation was carried out for 15 
minutes at 38° and the reaction terminated by the addition of 0.5 
ml of 0.15 mM ZnSO, Then 0.3 ml of 0.15 m Ba(OH)> was added 
to precipitate phosphate esters after which the suspension was 
centrifuged. Residual p-ribulose was assayed on an aliquot of 
the supernatant solution (7). Blanks, from which ATP had 
been withheld, were incubated simultaneously with the standard 
reaction mixture and ATP added after the addition of the ZnSOj. 

A unit of p-ribulokinase is that amount of enzyme causing the 
disappearance of 1 umole of p-ribulose under the conditions de- 
scribed. 


RESULTS 


Purification of v-Ribulokinase— Purification of the enzyme was 
carried out in a cold room maintained at 3° except where indi- 
cated. All buffers were adjusted to proper pH at room tempera- 
ture and subsequently cooled to 3°. Centrifugation was con- 
ducted for 10 minutes at 13,000 « g at 3°. Ammonium sulfate 
saturation was calculated assuming 70.6 g per 100 ml of solu- 
tion equals 100% saturation at 3°. 


1 8-Mercaptoethanol was found to enhance the activity of p-ri- 
bulokinase from either cell-free extracts or purified preparations. 
The activity of p-ribulokinase (specific activity 13.3) when 8-mer- 
captoethanol was omitted from the standard reaction mixture was 
only 55% of that observed in its presence. 
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TaBLe I 
Purification of p-ribulokinase 


Enzyme fraction | Total units | Total protein | wrivite 
- | 
Cell-free extract............ | 560 2660 0.21 
Biveptemycin............... | 560 1055 0.53 
| 521 | 730 0.71 
Ammonium sulfate I....... 433 244 1.78 
Gel = 5.20 
Ammonium sulfate II....... 120 | 9.0 13.3 


Streptomycin Treatment—To 80 mi of cell-free extract in 0.1 m 
Tris-chloride buffer, pH 7.4, were slowly added 16 ml of 5% 
streptomycin sulfate (Lilly) with constant stirring. The result- 
ing suspension was permitted to stand for 5 minutes after which 
it was centrifuged. The supernatant solution was decanted and 
the inactive precipitate discarded. 

Heat Treatment—The supernatant fluid (87 ml) obtained 
above was placed in a 250-ml Erlenmeyer flask and the flask im- 
mersed in a water bath maintained at 55°. The flask was 
swirled vigorously by hand for 3.5 minutes after which it was 
placed in an ice bath for 5 minutes. ‘The inactive precipitate 
obtained after centrifugation was discarded. 

Ammonium Sulfate Fractionation I—Enough solid ammonium 
sulfate was added with stirring to the supernatant fluid obtained 
from the heated preparation to bring the saturation to 33%. 
The suspension was allowed to stand for 5 minutes after which the 
precipitate was removed by centrifugation and discarded. Addi- 
tional ammonium sulfate was added to bring the supernatant 
solution to 48% saturation, and after standing for 5 minutes, the 
suspension was centrifuged, decanted, and the precipitate taken 
up in enough water to yield a protein concentration of 3.70 mg 
per ml. 

Calcium Phosphate Gel Treatment—Preliminary experiments 
indicated that p-ribulokinase when adsorbed on calcium phos- 
phate gel (12) could not be successfully eluted with either Tris- 
chloride or phosphate buffers at a variety of pH’s and ionic 
strengths, e.g. saturated phosphate buffer, pH 8.0 (saturated at 
room temperature and cooled to 3°). The most satisfactory spe- 
cific activity increases were obtained when approximately 35% 
of the enzyme was adsorbed on the gel and the resulting super- 
natant fluid after centrifugation retained as the enzyme source. 
A typical purification protocol was as follows: 20 ml of cold cal- 
cium phosphate gel (21.5 mg of solids per ml) were added to 50 
ml of the above enzyme solution and the pH adjusted to 6.0 with 
0.1 m acetic acid. The gel was immediately removed by centrif- 
ugation (2,500 x g) and the supernatant solution made 0.1 m 
with respect to Tris-chloride buffer, pH 8.0. The preparation 
was finally adjusted to this same pH with 0.1 m KOH. 

Ammonium Sulfate Fractionation II—Solid ammonium sulfate 
was added as described previously (see Ammonium Sulfate Frac- 
tionation I) to the gel-treated supernatant fluid. The protein 
(containing p-ribulokinase) which precipitated between 35 and 
45% saturation was removed by centrifugation and dissolved in 
0.05 m Tris-chloride buffer, pH 7.4. 

The resulting p-ribulokinase preparation represents a 63-fold 
enrichment of the enzyme over cell-free extracts (see Table I). 
The enzyme was essentially free from ribitol dehydrogenase (1), 


p-Ribulokinase 


and ATPase activities. It was, however, heavily contaminated 
with phosphopentoisomerase (13). 

Separation of v-Ribulokinase and Phosphopentoisomerase— 
Many unsuccessful attempts were made to separate pv-ribulo- 
kinase and phosphopentoisomerase by methods involving calcium 
phosphate and alumina Cy gel treatment as well as ammonium 
sulfate fractionation. The following procedure was used success- 
fully to separate the two enzymes, however, the method resulted 
in extensive inactivation of p-ribulokinase (approximately 80°): 
10 ml of ammonium sulfate Fractionation | solution were ad- 
justed to pH 4.1 with 0.1 m acetic acid, and the resulting precipi- 
tate removed immediately by centrifugation. The supernatant 
fluid, which contained phosphopentoisomerase but no p-ribulo- 
kinase, was discarded. The precipitate containing phospho- 
pentoisomerase-free p-ribulokinase was taken up in 0.1 m Tris- 
chloride buffer, pH 7.4, and the suspension permitted to stand 
for 12 hours at 3° after which inactive protein was removed by 
centrifugation. The supernatant solution had a p-ribulokinase 
specific activity of 2.61 and was free of phosphopentoisomerase 
(13), and ATPase activities. It contained approximately 1.4 
units of ribitol dehydrogenase per ml. 

Identification of Reaction Products and Stoichiometry of p-Ribu- 
lokinase Reaction—The sugar phosphate reaction product was pre- 
pared in the following manner. A reaction mixture containing 
200 wmoles of p-ribulose, 200 wmoles of ATP, 500 umoles of 
MgCl», 125 uwmoles of 8-mercaptoethanol, 1000 umoles of Tris- 
chloride buffer, pH 7.4, and 15 units of phosphopentoisomerase- 
free p-ribulokinase (specific activity, 2.61) in a final volume of 
5.0 ml, were incubated for 75 minutes at 38°. The reaction was 
terminated with 1 ml of cold glacial acetic acid. Acid-washed 
Norit was added to the turbid mixture to remove nucleotides and 
the suspension centrifuged and then filtered in the cold. The 
charcoal was washed three times with water and the supernatant 
fluids collected after centrifugation and filtration. The solution 
and washings were combined and treated again with Norit until 
free from nucleotides (as evidenced from absorbance measure- 
ments at 260 mu). The solution was finally adjusted to pH 7.4 
after the addition of 2.0 ml of 1 m barium acetate. Four volumes 
of 95% ethanol were then slowly added and the suspension per- 
mitted to stand overnight at 0°. The resulting precipitate was 
collected by centrifugation at 3°, washed twice with 80° etha- 
nol, and dried over KOH under vacuum in the cold. Fifteen mil- 
ligrams of product were recovered. Acetic acid, 0.05 m, was added 
to decompose the barium salt. After the addition of Na SO, 
the precipitated BaSO, was removed by centrifugation and the 
pH of the supernatant fluid adjusted to 6.5. 

The preparation thus obtained gave a positive cysteine-carba- 
zole test. (7), the color of which reached a maximum after 30 
minutes of incubation at 38°. An aliquot of the solution gave a 
negative phloroglucinol (10) reaction when incubated at 38° for 
15 minutes; however, the test was strongly positive when phos 
phopentoisomerase was added before incubation. A sample of 
the product solution gave a FeCl,orcinol (14) Eso: eo ratio of 
0.31. The ratio was 0.82 for authentic p-ribulose. Values of 


0.32 and 0.37 were calculated for p-ribulose 5-phosphate in the — 
FeCl,-orcinol assay from the data of Horecker et al. (15) and 
Cohen (16), respectively. After dephosphorylation of the prod- 
uct solution with acid phosphatase, the p-ribulose (as measured 
with ribitol dehydrogenase)-inorganic orthophosphate ratio was 
0.89. An aliquot of the solution which had not been treated with 
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the phosphatase did not oxidize DPNH in the presence of ribitol 
dehydrogenase. 

From the various tests conducted, and considering the specific- 
ity of ribitol dehydrogenase and phosphopentoisomerase, it was 
concluded that the sugar product of the p-ribulokinase reaction 
was p-ribulose 5-phosphate. 

The stoichiometry of the reaction catalyzed by p-ribulokinase 
was investigated as follows: Assay mixtures containing p-ribu- 
lose, ATP, MgSO,, and phosphopentoisomerase-free p-ribulo- 
kinase were incubated at 38° for 30 minutes. Parallel control 
experiments in which the enzyme was omitted in one case and 
p-ribulose in a second, were carried out simultaneously (these 
materials were readded after termination of the reaction). Toa 
fourth mixture, which contained the complete system, was added 
approximately 1 unit (13) of phosphopentoisomerase. 

After termination of the reactions by heating for 1 minute at 
100°, aliquots of the reaction mixtures were analyzed for p-ribu- 
jose, ADP, and ATP. Other assay mixture samples were treated 
with acid-washed charcoal and then analyzed for ribose derivatives 
and phosphate esters. In the latter case, the nucleotide-free 
samples were incubated with acid phosphatase and then assayed 
for inorganic orthophosphate. The results of these studies along 
with the experimental protocol are presented in Table II. 

The concentrations of substrates and products in the complete 
system, with and without added phosphopentoisomerase, were 
found to be essentially identical within experimental error, when 
no attempt was made to differentiate between ribulose and ribose 
phosphate esters. No ribose-containing reaction products were 
formed in the absence of added isomerase, however, 48% of the 
sugar phosphate was present as a ribose derivative in the system 
containing phosphopentoisomerase. 

When samples from the complete system were analyzed for p- 
ribulose with DPNH and ribitol dehydrogenase, it was observed 
that p-ribulose utilization was equivalent to ADP formation (see 
Table II). 


TaB_e II 
Stoichiometry of p-ribulokinase reaction 

The complete reaction mixture contained: 3.96 wmoles of p-ri- 
bulose, 2.69 umoles of ATP, 10.0 of MgSO,, 2.00 umoles of 
NaF, 200 uwmoles of Tris-chloride buffer, pH 7.4, 25 umoles of 
8-mercaptoethanol, and 2 units of phosphopentoisomerase-free 
D-ribulokinase (specific activity 2.61) in a final volume of 1.05 
ml. Incubation was for 30 minutes at 38°. The reactions were 
terminated by boiling the mixtures for 1 minute at 100°. After 
dilution with water aliquots of the reaction mixtures were ana- 
lyzed for ADP (8), ATP, and b-ribulose. Norit-treated samples 
were assayed for ester phosphate after incubation with acid phos- 
phatase. All reaction mixtures after charcoal treatment were 
analyzed for ribose-containing compounds by the phloroglucinol 
procedure (10). Other experimental details are given in the text. 


Substrate 0 minutes 30 minutes | A 
pmoles pmoles | pmoles 
3.96 2.47 | 1.49 
D-Ribulose 5-phosphate.... 0.00 1.58* 1.58* 


* 0.76 umole of ribose 5-phosphate was present in this system 
supplemented with phosphopentoisomerase. No detectable ri- 
bose containing substances were found after Norit treatment in 
reaction mixtures lacking this enzyme. 
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Fic. 1. Plot of reaction velocity as a function of pH. The as- 
say mixture contained 2.2 umoles of p-ribulose, 2.5 wmoles of ATP, 
5 wmoles of MgSO,, 25 umoles of 8-mercaptoethanol, 200 umoles of 
mixed buffer (phosphate-Tris-chloride-glycine) and 0.8 unit of 
p-ribulokinase (specific activity 1.77) in a final volume of 0.8 ml. 
Incubation was carried out for 10 minutes at 38°, after which the 
reaction was terminated with ZnSO,. Controls, from which ATP 
was withheld were incubated as above and the nucleotide added 
after the 10-minute reaction period. Residual p-ribulose color, 
determined (7) on an aliquot representing 0.2/1.3 of the total 
mixture, is recorded on the ordinate. 


0. 12 


0.081 


0.00 


pMOLES ADP FORMED/5 MIN. 


pg. PROTEIN 


Fic. 2. Graph of reaction velocity versus enzyme concentra- 
tion. The assay mixtures contained 1.5 wmoles of p-ribulose, 2.5 
pmoles of ATP, 5 wmoles of MgSO,, 200 wmoles of Tris-chloride 
buffer, pH 8.5, 25 wmoles of 8-mercaptoethanol and v-ribulokinase 
(specific activity 5.5) in a final volume of 1.30 ml. Incubation 
was for 5 minutes at 38° after which the reaction was terminated 
by boiling for 1 minute at 100°. p-Ribulose was withheld from the 
control samples and readded after boiling. Aliquots of the mix- 
tures were analyzed for ADP (8). 
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Specificity of D-Ribulokinase—ITP, GTP, and ADP were in- 
capable of causing the removal of p-ribulose in the presence of p- 
ribulokinase (specific activity 13.3) when present in amounts 
equivalent to ATP in the standard reaction mixture. 

The following sugars, when present at concentrations 40 times 
that for p-ribulose in the standard reaction mixture, were found 
to be incapable of causing ADP formation with the kinase (spe- 
cific activity 13.3): L-ribulose, p-ribose, p-fructose, p- and L- 
arabinose, and p-xylose. 

The optimum Mg**+:ATP ratio was found to be between 1:1 
and 2:1. An inhibition of 11% was observed when this ratio was 
increased to 3:1. Mn**+ and Ca**+ were 54 and 23%, respec- 
tively, as effective as Mg** in causing p-ribulose utilization when 
equivalent amounts were substituted for Mg** in the standard 
reaction mixture. 


: 


i 


D-RIBULOSE, Mxl0> (S) 


y MOLES ADP FORMED/5 MIN. (Vi) 
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Fic. 3. Graph of initial reaction velocity (Vj) as a function of 
p-ribulose concentration (8S). The apparent Michaelis constant 
was determined from the double reciprocal plot (17). The assay 
mixtures contained 5.0 uymoles of ATP, 10 wmoles of MgSO,, 160 
umoles of Tris-chloride buffer, pH 7.8, 25 wmoles of 8-mercapto- 
ethanol, and 0.10 unit of p-ribulokinase (specific activity 13.3) in 
a final volume of 1.15 ml. Other experimental protocol are the 
same as in legend to Fig. 2. 
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Fic. 4. Graph of initial reaction velocity (Vj) as a function of 
ATP concentration (8). The apparent Michaelis constant was 
determined from the double reciprocal plot (17). The assay mix- 
tures contained 2.2 umoles of v-ribulose, 10 wmoles of MgSO,, 160 
umoles of Tris-chloride buffer, pH 7.8, 25 uwmoles of 8-mercapto- 
ethanol, and 0.08 unit of p-ribulokinase (specific activity 13.3) in 
a final volume of 1.00 ml. Incubation was carried out for 7 min- 
utes at 38°. Other experimental protocol are the same as in legend 


to Fig. 2. 1 
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Optimum pH—The reaction mediated by p-ribulokinase ex. 
hibits a broad maximum velocity between pH 7.0 and 9.5. The 
results of these studies along with the experimental protocol are 
shown in Fig. 1. 

Kinetic Studies—In Fig. 2 are presented data on the linearity 
of the reaction velocity as a function of enzyme concentration, 
The apparent Michaelis constants for p-ribulose and ATP were 
9.2 10-*m and 8.3 10-*M, respectively, at saturation concen- 
trations of the second substrate. Figs. 3 and 4 depict the data 
used to calculate these parameters. The various experimental 
details for the kinetic studies are presented in the legends to the 


figures. 
DISCUSSION 


The results presented in this report tend to substantiate our 
earlier hypothesis (1) and that made independently by Wood and 
Tai (2) on the pathway of ribitol metabolism in A. aerogenes. 
The following two equations appear to satisfactorily explain the 
utilization of the pentitol by this organism: 


Ribitol + DPN* = b-ribulose 
+ DPNH + H?* (ribitol dehydrogenase) (1) 
p-Ribulose + ATP = p-ribulose 5-phosphate 
+ ADP (v-ribulokinase) (2) 


As indicated earlier, phosphopentoisomerase was measured di- 
rectly in many of the p-ribulokinase preparations, and probably 
serves to utilize p-ribulose 5-phosphate produced from p-ribulose 
and ribitol. 

We have noted that A. aerogenes grown in the absence of ribitol 
lack both ribitol dehydrogenase and p-ribulokinase. The speci- 
ficity of these two enzymes is best explained by the fact that they 
are induced rather than constituent systems. 

The p-ribulokinase enzyme may be of some value as an ana- 
lytical tool for the estimation of p-ribulose in the presence of 
other sugars, and when coupled with ribitol dehydrogenase (1), 
for the determination of ribitol. 


SUMMARY 


A specific p-ribulokinase has been purified 60-fold over cell- 
free extracts from Aerobacter aerogenes grown on ribitol. The en- 
zyme mediates the phosphorylation of p-ribulose to p-ribulose 
5-phosphate in the presence of adenosine triphosphate and Mg** 
ions. Various properties of the enzyme are described and its 
role in ribitol metabolism discussed. 
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The most commonly used isotope in the study of terminal res- 
piration is C'* and a large variety of compounds are available 
with C™-label in various positions within the molecule. Fatty 
acids are in general supplied with the carboxyl group labeled. 
The use of carboxy] labeled fatty acids requires that the investi- 
gator assume that the carboxyl carbon behaves metabolically in 
the same way as the remaining carbon atoms. The necessity for 
this assumption was sufficiently disturbing that a number of ex- 
periments were performed to test the validity of the assumption. 
These studies form the basis of this report. 


EXPERIMENTAL 


Materials and Methods 


Rats were obtained, killed, and diaphragms prepared as de- 
scribed previously (1). The incubation medium, techniques and 
isotope determinations have also been described (1) with the ex- 
ception of palmitate. This substrate was prepared as the al- 
bumin complex in the following manner. Sixty milligrams of 
crystalline albumin were dissolved in 10 ml of Ringer-phosphate 
solution and warmed in a water bath to 40°. To the dry sodium 
salt of palmitic acid 0.5 ml of Ringer-phosphate was added and 
heated to 100°. The cloudy suspension was poured into the al- 
bumin and the tube rinsed with two more 0.5-ml washes of 
Ringer-phosphate. The clear albumin-fatty acid solution was 
then made up to the desired volume. 

Sodium acetate was obtained as analytical reagent grade and 
was recrystallized five times. The 6-C'-palmitic acid was a gift 
from Dr. D. 8. Frederickson of the National Institutes of Health. 
The other labeled and unlabeled compounds were commercially 
obtained and were not repurified. 

All isotope position comparisons at any given concentration 
were performed with the use of sections of tissue from the same 
animal, thus permitting pair comparison of the data. 

The expression “relative specific activity” represents counts 
per minute per umole CO,;/initial counts per minute. For con- 
venience the relative specific activity is expressed K 10°. 

In the studies using acetate despite recrystallization of the ace- 
tate, the production of CO, by diaphragm was markedly impaired 
unless glucose was added to the medium. Therefore, in all of 


* The opinions or assertions contained herein are the private 
ones of the writers and are not to be construed as official or re- 
flecting the views of the Navy Department or the naval service 


at large. 


the acetate studies reported here the medium also contained 150 
mg per 100 ml of unlabeled glucose. 


RESULTS 


Table I presents data from experiments with the use of 1-C™ 
and 2-C'*+sodium acetate as a substrate for diaphragm during s 
1-hour incubation. There is 50°; less radioactivity from the see- 
ond carbon than from carbon 1 at a concentration of 12 umole 
and about 35°; less activity at a concentration of 24 ymoles, 
After a 2-hour incubation of diaphragm with 1-C'~ and 2-C% 
acetate at a concentration of 6 and 12 ywmoles, there is no signifi- 
cant difference between carbon 1 and carbon 2. At a concentra 
tion of 24 umoles, the difference is not significant at the 5°% level 
of probability. In Table II are comparisons of the CO, derived 
from and 6-C'*palmitate over various incubation periods, 
Although the variations in these small number of experiments do 
not indicate any statistically significant difference, there is a sug- 
gestion that the C™O, from carbon 6 is less than carbon | at j 
hour and that the values for these two carbons become nearly 
identical at 2 hours. 

Further evidence can be obtained from the control C™O, values 
that the discrepancy between the two acetate carbons is an i> 
verse function of time. At the end of the 20-minute thermal 
equilibration period, the CO, contained 1.11° of the initial 1" 
activity but only 0.37% of the 2-C" initial activity. In the cas 
of palmitate the CO, contained 1.30°, of the 1-C™ activity and 
0.20°; of the 6-C™ activity. 

On the other hand 13 similar experiments with 1-C™ and 7-C* 
octanoate at a concentration of 6 wmoles per 2.7 ml of incubation 
medium showed no significant difference between these two car 
bons during a 1-hour incubation (relative specific activity 1-C™ « 
13.7, relative specific activity 7-C“" =— 14.5, mean pair differ 
ence = 0.75 + 0.42, p > 0.1). The control values at the end 
of the 20-minute thermal equilibration also indicated no differ- 
ence between the two carbons (1-C™ 2.0 + 0.46°7 and « 
18 + 0.42°;% of the initial activity, p > 0.8). 

An apparent discrepancy can be noted in Table I in that # 
the end of 1 hour there is less difference between carbon 1 and 
2 at the higher concentration of acetate (24 wmoles) but at th 


end of 2 hours there is a greater difference between the two car | 
This is not a discrepancy 


bons at 24 wmoles than at 12 wmoles. 
in fact since the relative specific activity at both 12 and 24 wmole 
for carbon 1 is lower at the end of the second hour than at th 
first hour. The relative specific activity of carbon 2 at 12 umole 
definitely increases from the end of the first hour to the end d 
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the second hour, whereas the change, if any, in the relative spe- 
cific activity of carbon 2 at 24 wmoles is much less marked. In 
other words the values for the mean pair differences at 2 hours 
for 12 and 24 wmoles are not considered significantly different. 
This increase in carbon 2 radioactivity at the level of 12 wmoles 
was confirmed by additional experiments in which the C-2 rela- 
tive specific activity was measured at 1, 14, and 2 hours with 
diaphragm section from the same rat. The results in Table III 
confirm that there is such an increase in radioactivity and this 
occurs mostly between 14 and 2 hours. In the same table are 
data for similar experiments at 24 ymoles. The increase in radio- 
activity is much less marked, except for a peak at 14 hours. 

From these experiments it appears valid to assume that the 
odd carbons of fatty acids appear in the CO, at about the same 
time once the molecule is intact with its oxidative enzymes. The 
even numbered carbons do not appear as rapidly as the odd num- 
bered carbons; this discrepancy is most marked at the end of the 
20-minute thermal equilibration, less pronounced at the end of a 
|-hour incubation and has disappeared at the end of a 2-hour 
incubation. The discrepancy is more evident with acetate than 
palmitate (6-C™ versus 1-C™). 


DISCUSSION 


Strisower et al. (2) have discussed the hypothetical considera- 
tions of this discrepancy between carbon 1 and carbon 2 of ace- 
tate in liver, but their deductions should apply to any tissue 
where the citric acid cycle is the principal terminal respiratory 
system. In the present experiments there is an additional con- 
sideration in that there is a difference between the two carbons 
at the end of | hour, but at the end of 2 hours there is no differ- 
ence. This must mean that during the second hour the relative 
specific activity of C-2 exceeds C-1 which would necessitate an 
increase in the release of carbon 2 as CO, during the second hour. 

Strisower et al. (2) postulate that a decrease in 2-C™ activity 
compared to 1-C™ activity is due to isotope dilution; probably 
this dilution would occur at the level of oxaloacetate since fresh 
oxaloacetate was formed by condensation of pyruvate and CO:. 
The latter reaction has been shown to be important in diaphragm 
by Crane and Ball (3) and Foster and Villee (4). This concept 
appears to fit well with the data obtained from the 1-hour incuba- 
ion. 
At the end of a 2-hour incubation, there is near equality of the 
carbon | relative specific activity and carbon 2 relative specific 
activity except at the highest concentration used, 24 umoles. 
Thus, regardless of the mechanisms involved, after 2 hours the 
extent of the appearance of the carboxyl carbon in the CO, is a 
nearly quantitative measure of the appearance of the even carbon 
inthe CO,. At high concentrations of acetate the correction for 
the even carbon would be of the order of 8%. 

The factors involved in the disparity between the two carbons 
at the first hour and the equality at the second hour are complex. 
At 24 umoles there is apparently a concentration effect in that 
there is less difference between the two carbons at the first hour 
and little change in the relative specific activity of carbon 2 be- 
tween the first and second hours. At lower concentrations there 
isa marked increase in relative specific activity of carbon 2 be- 


' tween the first and second hours. Equality of the two carbons 


8 also aided by a diminution of the radioactivity of carbon 1 be- 
tween the first and second hours; this fall is similar for both 12 
and 24 umoles. 

This response of muscle to acetate plus glucose may not be rep- 


Neptune, Sudduth, and Fash 


octanoate for 2 or 3 hours (1). 
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[ 
production from 1-C**- and 2-C'-sodium 
acetate by rat diaphragm 
Each Dixon-Keilin flask contained substrate as listed in 2.7 ml 
of Ringer-phosphate, calcium free, pH 7.4. The gas phase was 
oxygen. The incubation temperature was 37°. Quarter sections 
of diaphragm were used so that tissue from one animal served in 
both experimental and control flasks; control flasks were inacti- 
vated at the end of the thermal equilibration. p Value was de- 
termined with the use of Student's ¢ test as described by Fisher 


(7). Variations are expressed as estimated standard errors. 
| 
Incuba- Concen. | Experi. RSA*1-C“ M i 
Ars. pmoles | Ne. 
1 14.1 7.1 | 7.1 + 1.39} <0.02 
24 | 4 13.8 9.0 |48 41.91) <0.1 
2 6 | 12 8.5 8.5 | 0.0 + 0.70! >0.9 
11.3 | 10.3 | 1.0 + 1.00! >0.9 
| 24 | 8 11.6 9.8 |1.8+40.79| <0.1 


* Relative specific activity. 


Taste II 
CO, production from 1-C**- and 6-C'*-sodium 
palmitate by rat diaphragm 
Each flask contained either palmitate-1-C™ or palmitate-6-C™, 
0.221 wmole in 2.7 ml of Ringer-phosphate pH 7.4. See legend 
for Table I for other details. 


incybation| RSA" | RSAGC*| Mean pair Vatu 
Ars. Ne. 
0.5 4 12.4 9.3 3.1 + 1.46 <0.2 
1.0 4 11.4 9.4 2.0 + 1.69 <0.4 
2.0 8 10.7 9.9 0.8 + 1.41 <0.7 
* Relative specific activity. 
Ill 


Change in relative specific activity of carbon 
2 of acetate over time 
One-quarter diaphragm served as a control; the remaining 
three-quarters were incubated for the time indicated. See Table 
I for other details. 


| | RSA* 
| 1.0 hes. | 1.5 hrs. 2.0 hrs. 
Ne. pmoles 
7141.60) 8.5 + 0.85 | 11.5 + 1.75 
90+050 1204 1.04) 9.4 + 0.61 


resentative of metabolism in vivo. Free acetate is certainly not 
a physiological metabolite of any major significance. Although 
acetate alone depresses the respiration of diaphragm, there is no 
depression of muscle respiration in the presence of butyrate or 
octanoate and there is continued production of large amounts of 
C™O, when diaphragm is incubated with labeled butyrate or 
Furthermore, added glucose de- 


presses somewhat the oxidation of labeled butyrate (1). This 
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difference in behavior between acetate and butyrate or octanoate 
renders the use of labeled acetate somewhat questionable in a 
comparison of the odd and even carbons of fatty acids. Never- 
theless a similar difference between the odd and even carbons of 
octanoate labeled with C'* was reported by Gever et al. (5) with 
the use of liver and kidney preparations. Felts et al. (6) found 
2 to 3 times more CO, from the a-carbon than from the 8-carbon 
of lactate when lactate was incubated with liver slices. Neither 
of these two groups of investigators extended their incubation 
times to 2 hours and no effort was made to determine if the two 
carbons would eventually reach near equality. It appears valid, 
however, to assume that at the end of a 2-hour incubation, the 
even carbons of a fatty acid will appear in the CO, to the same 
extent as the odd carbons when muscle is treated as in these ex- 
periments. Therefore, in terminal respiratory studies of muscle 
fatty acid metabolism, with the use of carboxy! labeled fatty 
acids, a 2-hour or more incubation period seems advisable. 


SUMMARY 


1. A study was made of the CO, production by excised rat 
diaphragm when incubated with octanoate labeled in carbon 1 
or 7, acetate-1- or -2-C, and palmitate-1- or -6-C™. 

2. There was no difference between carbon 7 and carbon 1 of 
octanoate at the end of the 20-minute thermal equilibration and 
after a 1-hour incubation from the end of thermal equilibration. 


Validity of the Use of Carboxyl Labeled Fatty Acids 
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3. Carbon 2 of acetate appears in the CO, to a lesser extent 
than carbon 1 at the end of the 20-minute thermal equilibration; 
there is still a pronounced difference after a 1-hour incubation 
from the end of thermal equilibration. At the end of a 2-hour 
incubation the second carbon equals the first carbon except at 
the highest concentration of acetate. 

4. Carbon 6 of palmitate appears to behave somewhat like 
carbon 2 of acetate but a discrepancy between the odd and even 
carbon is only clearly shown at the end of the 20-minute thermal 
equilibration. 

5. It is concluded that when the terminal respiration of rat 
diaphragm is studied with carboxy! labeled fatty acids, a 2-hour, 
or longer, incubation is desirable. 
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it is known that the methyl ester group of the pectin of plant 
cell walls can be derived from the methyl group of methionine 
(1, 2). It is also known that the rate of incorporation of the 
methyl! carbon of methionine into the methyl ester groups of cell 
wall pectin is increased by the plant growth hormone, indoleacetic 
acid (2, 3). Since there is also evidence that indoleacetic acid 
regulates rate of plant growth by controlling the plasticity of the 
cell wall (4, 5) it is of interest to understand in further detail the 
way in which indoleacetic acid regulates the metabolism of cell 
wall pectin, 

The first question which will be considered in the present paper 
is whether indoleacetic acid influences only the incorporation of 
methyl into the methyl ester group of cell wall pectin or whether 
it influences also the formation of the anhydrogalacturonic acid 
residues of the pectic chains. This has been studied by making 
use of the fact that glucose is readily converted to the galacturonic 
moiety of pectin (6,7). It will be shown that indoleacetic acid 
influences the two processes equally and it is therefore the svn- 
thesis of pectin which is concerned. 

The second question which will be considered has to do with 
the relationships between the different forms of pectin in the 
cell wall. There are three principal forms of pectin in the oat 
coleoptile cell walls with which this paper is concerned: (a) classi- 
eal pectin, highly esterified and solubilized from the wall by hot 
water, (6) residual pectin, about 40°, esterified and insoluble in 
hot water alone, but solubilized by hot water in the presence of 
ethylenediaminetetraacetic acid, and (¢) cold water-soluble, 70°, 
aleohol-insoluble pectin. It has been shown in short term ex- 
periments on the incorporation of methionine methyl that the 
specific activity of cold water-soluble pectic methyl ester groups 
is 5 to 6 times greater than that of the corresponding methyl 
groups of the hot water soluble- and residual pectins.'. In this 
paper experiments are described which attack the problem of 
whether the cold water-soluble pectin is in fact a precursor of the 
wall materials. 

Evidence will also be presented which bears on the question 
of whether the carboxyl groups of pectin are esterified before 
polymerization of the galacturonic acid residues or whether the 
methy! groups are attached after the chain is formed. 


EXPERIMENTAL 


Materials and Methods 


Culture of Seedlings—Oat seeds of the variety Siegeshafer were 
germinated in vermiculite, moistened with distilled water, and 
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contained in stainless steel trays. The plants were grown at a 
temperature of 25° and in low intensity red light until they had 
reached an average height of 3 em (96 hours). At this stage the 
seedlings were harvested for use. 

Preparation of Sections—Sections of 12 mm were cut from each 
coleoptile, the apical 3 mm tip being discarded. Primary leaves 
were not removed. 

Where sections were to be incubated in auxin solution, they 
were floated in 0.0025 mM potassium maleate buffer, pH 4.8. In- 
doleacetic acid at a final concentration of 2.8 «x 10-5 mM was added 
to the incubation solutions as indicated. 

Preparation of Cell Walls—Sections were ground in an Omni- 
mixer at O° with 4 times their weight of 0.15 N acetate buffer, 
pH 4.4. Previous work has shown that at this pH no de-esterifi- 
cation of pectin by pectinesterase takes place during homogeniza- 
tion? The homogenate was next centrifuged, the supernatant 
decanted, and the pellet washed by resuspension in water at 0°. 
The wall fraction was washed in this way five times with water, 
followed by several washes in acetone. The acetone washed cell 
wall material was finally dried under reduced pressure and stored 
for analysis. 

The above supernatant and first water wash were combined, 
heated to 90°, filtered, and concentrated under reduced pressure. 
This fraction contains the water soluble pectic material. 

Methods of Analysis—Pectic substance was measured by the 
determination of anhydrouronic acid with the use of the pec- 
tinase-carbazole method of MeCready and MeComb (8) and 
MeComb and MeCready (9). This method has been calibrated 
by MeCready and MeComb (8) with the absolute 12% HC! 
decarboxylation method. 

Methanol was determined by the method of Boos (10). In 
this determination the solution containing methyl alcohol is dis- 
tilled, and the distillate collected and diluted to volume. The 
methanol in the distillate is oxidized to formaldehyde, and the 
formaldehyde measured colorimetrically with chromotropic acid. 

Radioactivity was determined with samples on planchets 
counted under a Micromil window tube in an atmosphere of Q 
gas. pv-Glucose, uniformly labeled with C™ (Isotope Specialties 
Company, Inc.), was the only radioactive compound used in 
these experiments. The specific activity of the glucose in Experi- 
ments | and 2 was 1.87 me per mmole and of that used in Ex- 
periment 3, 3.0 me per mmole. 

Hydrolysis of Pectin—Samples to be analyzed were suspended 
in 20 ml of 0.5% EDTA at pH 6.0. After 1 hour, 0.5 ml of 1 N 
NaOH was added. Saponification was allowed to proceed for 0.5 
hour after which the pH was adjusted to 5.0 with 2 to 3 drops of 
glacial acetic acid. Purified citrus polygalacturonase was then 
added and the mixture stirred at a slow speed for 3 hours (last 


? E. F. Jansen, R. Jang, and J. Bonner, in preparation. 
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0.5 hour with toluene). The reaction mixture was then allowed 
to stand at room temperature for 3 days after which the digested 
cell walls were filtered off. 

The authors are indebted to Eugene F. Jansen, United States 
Department of Agriculture, Western Utilization Research and 
Development Division, for the purified polygalacturonase used 
in these experiments. 

Isolation of Galacturonic Acid—The filtrates of the enzymic 
hydrolysates were concentrated under reduced pressure (60-70°) 
to near dryness. The concentrate was taken up in 4.0 ml of 1 
wn HCl and heated in a boiling water bath for 15 minutes. Galac- 
turonic acid is not appreciably affected by this treatment. Any 
glucuronic acid which may be present forms a stable lactone 
under these conditions (11). The acid hydrolysate was evapo- 
rated to dryness under reduced pressure. 

The dried samples were dissolved in water, filtered, passed 
through a Dowex 50 (hydrogen) column, and once again con- 
centrated at 60-70°. The concentrated sample was adjusted to 
pH 9.0 with dilute ammonium hydroxide and placed on a Dowex 
1 (formate) column. The column was washed with 3 to 4 bed 
volumes of water and eluted with 0.5 m formic acid. The eluate 
was concentrated at 60-70° and then evaporated to dryness under 
reduced pressure. 

The samples were then subjected to paper chromatography in 
three successive solvents: isopropanol, pyridine, acetic acid, water 
(8:8:1:4); ethyl acetate, acetic acid, water (10:5:6); and n- 
butanol, acetic acid, water (60:15:25). Galacturonic acid was 
detected by the CD-1 (0.1 Mm 2-aminobipheny! hydrogen oxalate) 
solution of Gordon et al. (12). Whatman No. 1 paper, previously 
washed with dilute acetic acid, was used for all chromatography. 
Radiopurity of each chromatogram was determined by use of 
Nuclear-Chicago’s model C-100A Actigraph II as recorded by 
Texas Instruments “recti/riter.”” After chromatography in the 
first and second solvents, the strip corresponding to galacturonic 
acid was eluted with water and evaporated to dryness under 
reduced pressure. After chromatography in the third solvent, 
the galacturonic eluate was made to volume for determination of 
specific activity. 


Specific activity of galacturonic acid prepared from pectic 
fractions of oat coleoptiles incubated in glucose-C™* in 
presence or absence of indoleacetic acid 
(experiment 2) 


gz | | 
| Anhydro- | FB 
Pectic fraction Treatment ‘5:3 galacturonic 
bes | | ES 
|= 
| 
“Ee c.p.m. | | 
Cold water-solu- | Control 100 | 1,224 12,200 
ble, 70% alco- | Indoleacetic 1.7 
hol-insoluble acid SO 61,666 20,800 
Hot water-soluble) Control 597 | 1,292; 2,160 | 
Indoleacetic 1.3 
acid 396 | 1,050 | 2,790 
Residual Control 283 554, 1,960 
Indoleacetic 1.2 
acid 505 1,168 2,310 
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RESULTS 


Effect of Indoleacetic Acid on Incorporation of D-Glucose intg 
Pectic Galacturonic Acid Residues—The presence of indoleacetic 
acid causes an increased rate of incorporation of glucose into the 
galacturonic acid residues of pectin. This is shown below by 
determination of the radioactivity in galacturonic acid isolated 
from enzymic hydrolysates of the various pectic fractions of 
coleoptile sections previously incubated in glucose (uniformly 
labeled with C™) and in the presence or absence of indoleacetic 
acid. 

The data of Table I concern one of two similar experiments 
which yielded essentially identical results. In this experiment 
duplicate lots of 15 gof sections were incubated in 75 ml of 2.5 x 
10° mM potassium maleate buffer, pH 4.8. The incubation 
mixture was 1.6 with respect to glucose-C™ (0.9 x 16 
c.p.m. per g fresh weight of sections) and 3 x 10~‘* M respect to 
L-methionine. Two further duplicate lots of 15 g each of sections 
were incubated under similar conditions except that the incubat 
ing solution was made 2.8 « 10-* m with respect to indoleacetic 
acid. The incubation took place at 25° for 5 hours in low in- 
tensity orange light. 

The amounts of purified galacturonic acid isolated from each 
of the 3 pectic fractions, as well as the radioactivity of each pectic 
fraction, are reported in Table I. Because of the losses involved 
in isolation of the galacturonic acid, the amounts isolated do not 
quantitatively reflect the amounts in the original plant material. 
The data show that the specific activity of the cold water-soluble 
pectin as well as that of the hot water-soluble pectin is increased 
in the presence of indoleacetic acid. Indoleacetic acid has littl 
or no apparent effect on the incorporation of glucose carbon inte 
residual pectin. 

The data also show that the specific activity of the cold water- 
soluble, 70°; aleohol-insoluble pectin is several times greater than 
that of the other pectic fractions. This finding is similar to that 
obtained in C'\methyl-labeled methionine experiments in which 
the specific activity of the cold water-soluble pectin was also 
found to be greater than that of the other pectic fractions." 

Metabolic Turnover of Pectin—The data of Table IL concern 
one of two similar experiments in which sections were incubated 
for 15 hours in an excess of unlabeled glucose after a 5-hour pre- 
treatment in uniformly labeled glucose-C™. These data indicate 
that there is essentially no loss of radiolabel from any pectic 
fraction during the 15 hours’ incubation in unlabeled glucose. 
There would not therefore appear to be any turnover of pectin. 
In addition, since the radiolabel of the cold water-soluble pectin 
is not transferred to cither of the other two pectic fractions during 
the second incubation in unlabeled glucose it appears that the 
cold water-soluble pectin is not a precursor of the other pectic 
fractions. 

In this experiment, six 15 g lots of sections were first incubated 
for 5 hours in 75 ml of solution 1.2 « 10-* a in glucose (10° ¢.p.m. 
per g fresh weight of sections), 3 x 10-* Mm in L-methionine, and 
2.5 in potassium maleate (pH 4.8). 

Two 15 g lots were harvested at the end of 5 hours. These 
constitute the initial control. The remaining 15 g lots were 
rinsed with distilled water. Two of these lots were then placed 
in 75 ml of solutions 0.1 m with respect to unlabeled p-glucose, 
3 with respect to L-methionine and 2.5 with 
respect to potassium maleate (pH 4.8). The remaining two lots 


were placed in a similar solution except that the incubation solu 
tions were made 2.8 x 10-° w with respect to indoleacetic acid. 
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Table II summarizes the specific activities of the various pectic 
fractions. During the initial 5-hour incubation in C-labeled 
glucose, the pectic materials of the tissue became labeled. Dur- 
ing the subsequent 15-hour period in unlabeled glucose, the 
specific activity of the pectic materials does not decrease as would 
be expected if these components were subject to turnover. On 
the contrary, the specific activities of the cold water-soluble, 
70°; alcohol-insoluble pectin and of the residual pectin tend to 
increase. The specific activity of the hot water-soluble pectin 
alone tends to decrease. 

Table II also presents data on anhydroGalA® contents and total 
radioactivities incorporated into the pectic fractions of this ex- 
periment. It is clear that during the 15-hour incubation in 
0.1 m glucose the total pectic content of the tissue increases. 
This increase amounts to 9.3% in the absence of indoleacetic 
acid, and 14.2°% in the presence of indoleacetic acid. The in- 
crease in total pectic anhydroGalA due to the presence of in- 
doleacetic acid is wholly confined to the water-soluble fractions. 
Indoleacetic acid has no influence on the synthesis of residual 
pectin. Thus the indoleacetic acid induced increase in specific 
activity of the water-soluble pectins is actually a measure of an 
increased rate of pectin synthesis. 

During the postincubation in nonradioactive glucose, there is 
a substantial increase in the total radioactivity of the pectic 
substances. This may be attributed to the incorporation into 
pectic substances of previously labeled precursors (including 
glucose-C™) which remain in the sections at the end of the initial 
period. These labeled precursors are apparently not incor- 
porated during the subsequent period into the hot water- 
soluble pectin but are incorporated into the cold water-soluble 
and residual pectins. The presence of indoleacetic acid increases 
the proportion of such labeled precursors which is incorporated 
into cold water-soluble pectin and decreases the proportion which 
is incorporated into the residual pectin. 


DISCUSSION 


Indoleacetic acid causes an increase in rate of incorporation of 
glucose into the galacturonic acid residues of the water-soluble 
pectins of oat coleoptile sections (Table 1). This effect is com- 
pared, in the data of Table III, with the effect of indoleacetic 
acid on the incorporation of the methyl group of methionine into 
the methyl ester groups of the several pectin fractions. The 
data for this table have been compiled from the several experi- 
ments of this paper and those of Jansen ef al. The striking 
similarity between the effect of indoleacetic acid on the incorpo- 
ration of methy! ester and of galacturonic acid suggests the pos- 
sibility that indoleacetic acid may enhance the incorporation of 
beth into the pectic moiety simultaneously and as a single unit. 

That the effect of indoleacetic acid is not a measure of accel- 
erated turnover of methylgalacturonate residues but is due to an 
actual increase in pectin synthesis is shown by the data of Table 
Il. During a 15-hour incubation in unlabeled glucose after a 
hour incubation period in glucose-C™ there is a substantial 
increase both in total anhydroGalA and in total readioactivity 
contained in anhydroGalA. The increase in total anhydroGalA 
is distributed among the three pectic fractions. An accelerated 
increase in anhydroGalA content due to the presence of indole- 
acetic acid is found only in the water-soluble pectic fractions. 


*The abbreviations used are anhydroGalA, anhydrogalac- 
turonic acid; EDTA, ethylenediaminetetraacetic acid. 


P. Albersheim and J. Bonner 


TaB_e II 
Specific activities and total activities per fraction of galacturonic 
acid prepared from pectic fractions of oat coleoptiles (5-hour 
pretreatment, 1.2 X glucose-C™, no indoleacetic 
acid; 15-hour incubation, 0.1 m nonradioactive 
glucose + indoleacetic acid) 


3107 


Anhy- | Anhy- 
Pectic fraction Treatment $<3 100 | 100 m 
£53 mg cell! of ce 
< w w 
MgC. p.m. c.p.m./mg, mg c.p.m. 
Cold water-solu- | Control 103 1,832)17,800 0.205*| 3,650 
ble, 70% aleo- | — Indoleace- 
hol-insoluble tie acid 5, 114/22,800 0.260*| 5,930 
+ Indoleace- 
tic acid 34 =722'21,200 0.350*| 7,430 
Hot water-sol- Control 144, 572) 3,970 0.542 | 2,170 
uble — Indoleace- 
tic acid 1,028)3, 3,160 |0.644 | 2,040 
+ Indoleace- 
tic acid 1,2153,482) 2,870 |0.708 | 2,030 
Residual Control 387'1,012| 2,620 |2.69 | 7,050 
— Indoleace- 
tic acid 853/2,856) 3,350 (2.86 | 9,580 
+ Indoleace- 
tie acid 366/1,024) 2,800 (2.87 | 8,040 
Total (above Control 3,740'3.44 (12,860 
three fractions) — Indoleace-| 
tic acid 4,6707 3.76 (17,550 
+ Indoleace- 
tic acid 4,4507 3.93 (17,500 


* Calculated on the basis of 600 mg of cell walls per 30 g fresh 


weight of sections. 


t Weighted average of the above three fractions. 


Taste III 

Comparison of influence of indoleacetic acid on incorporation 

of glucose-C** into galacturonic acid residue and 
incorporation of methyl of methionine-C'H 

into methyl ester of pectin 


Pectic fraction 


Cold water-soluble, 70°, alcohol- 
Hot water-soluble................. 


Ratio of indoleacetic acid-treated 
to control sections 


Galacturonic acid 


Methy! ester 
1.9 
1.4 1.4 
1.1 0.9 


* This figure based on a single duplicate experiment. 


All other 


data based on averages of two or more separate experiments. 


The synthesis of residual pectin is not enhanced by indoleacetic 


acid. 


These same conclusions may be reached as the result of in- 
spection of the distribution of incremental radioactivity in the 


several pectic fractions after the 15-hour second incubation. 


In 


the absence of indoleacetic acid, the incremental radioactivity is 
divided equally between the cold-water soluble pectin (49%) and 
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the residual pectin (54%). In the presence of indoleacetic acid, 
the rate of cold water-soluble pectin synthesis is increased so 
that this fraction incorporates 4 times (82%) as much radioac- 
tivity as the residual pectin (21%). 

The tissue used in the present experiment appears, then, to 
possess a considerable reserve of pectic precursors which become 
labeled during the initial 5-hour incubation in glucose-C™. 
These precursors are made into the various kinds of pectin during 
the subsequent 15-hour incubation in 0.1 m unlabeled glucose. 
Indoleacetic acid controls the fate of the labeled precursors direct- 
ing more into cold water-soluble pectin, less into residual pectin. 

There is an apparent association between the metabolism of 
cold water-soluble pectin and that of residual wall pectin. The 
hot water-soluble pectin, on the other hand, seems to be metabol- 
ically unrelated to the other pectic fractions. Indoleacetic acid 
does enhance the rate of synthesis of hot water-soluble pectin. 
There is, however, no apparent incorporation of radioactive pre- 
cursors into this fraction after the sections have been removed 
from an external source of glucose-C™, The hot water-soluble 
pectin would appear to be synthesized from the current supply 
of precursors rather than from the pool used for synthesis of the 
other two pectic fractions. Indoleacetic acid enhancement of 
glucose-C™ incorporation (1.4, Table II]) into the hot water- 
soluble pectin is approximately equal to the indoleacetic acid 
enhancement of net anhydroGalA synthesis (1.6, Table IT). 
Clearly, the hot water-soluble pectin is not subject to indoleacetic 
acid-induced turnover since if this were true one would expect a 
larger effect on incorporation of glucose-C™ than on anhydroGalA 
synthesis. 

The fact that the synthesis of both the methyl group and the 
galacturonic acid residue of pectin is enhanced, and to the same 
degree, by indoleacetic acid, suggests the hypothesis that methyl- 
ation of uronic acid residues may occur before polymerization. 
This is strengthened by comparison of specific activities. The 
specific activity of the cold water-soluble pectin is much greater 
than that of the other pectic fractions both with methionine as 
the labeling substrate and with glucose. In both cases, also, the 
specific activity of the hot water-soluble pectin is slightly higher 
than that of the residual pectin. Thus, the methyl group and 
the uronic acid of the pectic fractions behave similarly both with 
regard to specific activity and with regard to influence by indole- 
acetic acid. 

The formation by the plant of derivatives of UDP-hexoses has 
been recognized for some time (13, 14). It seems possible that 
methylation of galacturonic acid may occur while the uronic acid 
is attached to UDP. According to this hypothesis, polymeriza- 
tion of galacturonic acid to pectin would then be possible only 
after esterification of the monomer. 

The role of indoleacetic acid in pectic metabolism is apparently 
a regulatory one. Indoleacetic acid controls the balance between 
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the formation of two distinctly different forms of pectin; the 
cold water soluble on the one hand and the hot water insoluble 
(residual) on the other. At the present time this is the only 
effect of indoleacetic acid upon the cell wall which has beep 
chemically characterized. Whether an increased proportion of 
water-soluble pectin in the tissue can or does influence cell wal] 
plasticity has not as vet been demonstrated. What has been 
demonstrated is that the same low concentrations of indoleacetie 
acid which promote plant growth also markedly affect the metab. 
olism of a specific cell wall substance. 


SUMMARY 


1. Incubation of oat coleoptile tissue in indoleacetic acid in. 
duces an accelerated incorporation of glucose into the ga- 
lacturonic acid residues of the water soluble pectins of this tissue, 

2. Indoleacetic acid does not increase incorporation of glucose 
into the galacturonic acid residues of the hot water-insoluble 
(residual) pectin of the same tissue. 

3. The influence of indoleacetic acid on the incorporation of 
glucose into the galacturonic acid residues of pectin is parallel 
to the effect of indoleacetic acid on the incorporation of methyl 
into the ester moiety of pectin. 

4. Indoleacetic acid causes an accelerated synthesis of the 
water-soluble pectins of Avena coleoptile sections during a 15 
hour incubation in 0.1 m glucose. There is, under similar con- 
ditions, no indoleacetic acid induced increase in hot water-in- 
soluble pectin content. 

5. It is concluded that one function of indoleacetic acid is to 
bring about increased formation of water-soluble pectic materials 
at the expense of the insoluble cell wall pectic substances. 
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In the course of our metabolic studies with 8-carotene and 
vitamin A, it was necessary to employ a radioactive 8-carotene 
which had a high specific activity and specific labeling. Since 
labeled B-carotene with these properties was not commercially 
available, it was necessary to develop a process to obtain it. The 
reports of numerous investigators (1, 2, 3, 4) on the incorpora- 
tion of C™ into 8-carotene by fungi led us to investigate this 
method for the preparation of radioactive 8-carotene. Further- 
more, these reports indicated that the positions of labeling in 
3-carotene could be modified by varying the radioactive precur- 
sors and positions of labeling in the precursors. Lilly et al. (5), 
with use of the fungus Phycomyces blakesleeanus and a medium 
containing C™ acetate, were able to biosynthesize 3-carotene with 
sufficient activity to be used in our studies. 

Since the positions of labeling in the B-carotene produced under 
our experimental conditions had not previously been reported, 
it was necessary to establish the location of the radioactive carbon 
atoms. 


EXPERIMENTAL 


Materials—The 8-carotene used in this study was purified 
according to the procedure of Lilly et al. (5). The purity was 
% to 100°; as determined by the extinction coefficient. Sodium 
acetate-1-2-C™ were obtained from Nuclear-Chicago Corpora- 
tion, Chicago, Illinois. 

The CO, from the various reactions listed below was collected 
under vacuum in a special ionization chamber and the activity 
determined with a Model 6000 Dynacon Electrometer. 

Method—Approximately 1 mg of labeled 8-carotene was ac- 
eurately weighed and added to 5 ml of dichloromethane contain- 
ing 20 mg of accurately weighed 8-carotene carrier. The solu- 
tion was mixed and approximately 1.0 ml was transferred to a 
weighed flask, evaporated to dryness, weighed and oxidized to 
CO, The remaining solution of B-carotene was dried under 
nitrogen, weighed and oxidized according to a modified procedure 
of Grob and Butler (4). 

3-Carotene was dissolved at room temperature in a solution of 
phosphoric acid containing 10 ml of 85°, phosphoric acid, 6 mg 
of chromic oxide, and 1.5 mg of potassium dichromate for each 
10 mg of B-carotene. The reaction was carried out in a conven- 
tional distillation apparatus. The outlet of the distillation ap- 
paratus was connected to a trap containing 2N NaOH. The 
carbon dioxide evolved (carbons 7, 7’, 8, 8’, 10, 10’, 11, 11’, 12, 
12’, 14, 14’, 15 and 15’) was collected in 2 N NaOH and later 


_* This work was accomplished under Atomic Energy Commis- 
son Contract AT-30-1-1716 and with the aid of a grant from the 
Rockefeller Foundation. 


released by acidification and its activity counted. When the 
8-carotene had completely dissolved, water was added and the 
solution was distilled with steam. ‘The distillate (carbons 5, 5’, 
9, 9’, 13 and 13’) was titrated with 0.07 N sodium hydroxide. 
Of the theoretical amount of acetic acid, 70 to 80% was collected. 
The distillate was then evaporated to dryness and the resulting 
acetate weighed. Approximately 20 mg of accurately weighed 
carrier sodium acetate was added and the acetate dissolved in a 
minimal amount of distilled water. Approximately one-fifth of 
the solution was transferred to a weighed flask, dried, and 
weighed. This sodium acetate was then oxidized to CO, and 
counted. 

The remaining sodium acetate solution was evaporated to 
dryness, weighed, and decarboxylated by means of the Schmidt 
reaction. Sodium azide, 30 mg, and concentrated sulfuric acid, 
0.5 ml, were used for each 17 mg of sodium acetate treated. The 
carbon dioxide was collected and counted. The remaining solu- 
tion containing methylamine sulfate was made alkaline with 
sodium hydroxide, and the free methylamine was distilled into 
concentrated hydrochloric acid. The excess hydrochlorie acid 
was evaporated and the weight of the methylamine hydrochloride 
determined. It was then oxidized to COs and counted. 


RESULTS AND DISCUSSION 


Grob and Butler (4) have reported that carbons 5, 5’, 9, 9’, 13 
and 13’ of the B-carotene molecule were labeled by Mucor hiemalis 
grown on a medium containing CH;C™O.H; the methyl groups 
attached to these carbons were labeled when C“H;CO:H was 
used. Goodwin (6) reported similar results with Phycomyces 
blakesleeanus and labeled acetate. 

The results of the present study recorded in Table I partially 
confirm those of Grob and Goodwin. Thus, carbons 5, 5’, 9, 
9, 13 and 13’ of the 8-carotene molecule are labeled when 
CH,C™O.H is present in the medium. However, activity is 
found in these same carbons as well as in the attached methyl 
groups when C“H;CO.H is used. When a 1:1 mixture of C-1l 
and C-2 labeled acetate is employed, 65% of the activity is 
present in positions 5, 5’, 9, 9’, 13 and 13’, and 35% in the at- 
tached methyl groups. Grob and Butler (4) and Goodwin (6) 
reported no activity in positions 5, 5’, 9, 9’, 13 and 13’ when 
C¥H,;CO-H was utilized. The discrepancy between our results 
and those of Grob and Butler could be attributed to a difference 
in the medium since Grob and Butler had used acetate as the 
only source of carbon, whereas the medium used in our study 
contained both glucose and acetate. Our results are more diffiult 
to reconcile with Goodwin’s work since he also used glucose and 
acetate. It seems probable that the isolates of fungus used, as 
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Taste I 
The partial distribution of activity in B-carotene biosynthesized by 
Phycomyces blakesleeanus from glucose and labeled acetate 


S Percentage of Percentage of | Per- 

Total total 8-carotene Per- final acetate | con 

=e Labeled car- activity of activity in icontage activity in of yield 

bon of acetate §-carotene of yie of 

: in medium methyl 

ce- 

1 1-C* 1625.0 | 18.5 | 29.0, 65 |99.0 1.0. 65 

2 | 1-C* 87.4) 19.0 | 29.0) 50 | 99.0) 1.0) 67 

3 | 2-C™* 37.7 | 19.5 | 26.0) 66 | 54.0 | 46.0) 63 

4 | 2-C™ 31.0 | 19.0 | 25.0| 49 | 56.0' 44.0. 58 

5 | 39.6 | 19.0 28.0 63 | 55.0 45.0) 28 

6 and) 120.0 21.0 | 24.0) 64 | 65.0 | 35.0) 85 
2-0" 


* Count adjusted to theoretical yield. 


well as other experimental conditions, were different in the two 
studies. The distribution of activity between carbons 5, 5’, 9, 
9’, 13 and 13’ and the attached methy! groups can be explained 
by the metabolism of CH,CO.H via the citric acid cycle which 
is believed to operate in the fungus. 

The activity of CO, recorded in the fourth column of Table I 
can be ascribed principally to carbons 7, 7’, 8, 8’, 10, 10’, 11, 11’, 
12, 12’, 14, 14’, 15 and 15’ of the 8-carotene molecule. 

If it is assumed that 8-carotene is biosynthesized from acetate 
by a head to tail condensation, then carbons 1, 1’, 3, 3’, 5, 5’, 7, 
7’, 9, 9’, 11, 11’, 13, 13’, 15 and 15’ should be labeled by the use 
of carboxyl-labeled acetate. Since the radioactive CO, in this 
investigation is derived from carbon atoms 7, 7’, 11, 11’, 15 and 
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15’, 37.5% of the theoretically available C™ carbon atoms are 
accounted for in this CO, The activity in acetic acid (fifth 
column, Table 1) is derived from carbons 5, 5’, 9, 9’, 13 and 13’, 
This accounts for 37.5% of the theoretically available C™ atoms, 
The combined activity of the CO, and of the acetate in Experi- 
ments 1 and 2 accounts for only 48% of the total ac. 
tivity. Therefore, 75° of the theoretically available C™ atoms 
are accounted for in this experiment. The remaining 52% of 
the activity is present in 25° of the theoretically labeled carbon 
atoms. 


SUMMARY 


1. The 8-carotene produced by Phycomyces blakesleeanus grown 
on a medium containing labeled acetate has been partially de- 
graded. Carbons 5, 5’, 9, 9’, 13 and 13’ are labeled when CH,.- 
C“O,H is used, whereas these carbons and the attached methy| 
groups are labeled when C“H,CO,H is used in the medium. 

2. The activity of the ring carbons has been determined in- 
directly and appears to be greater than the activity of the car- 
bons of the side chain. 
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In preliminary experiments we have shown that ovine pro- 
lactin in vitro stimulates the oxidation of glucose carbon to CO, 
by adipose tissue from normal rats fed ad libitum (1). This in- 
creased glucose utilization is accompanied by an increased in- 
corporation of glucose carbon into long chain fatty acid (1). 
These effects tn vitro of prolactin are qualitatively similar to those 
of insulin in this same tissue (2). Further experiments which 
form the basis of this report indicate that the effects in vitro of 
prolactin on fatty acid synthesis in adipose tissue are dependent 
upon its primary effects on glucose metabolism. 


EXPERIMENTAL 


Male albino rats of the Wistar strain weighing between 125 
and 150 g¢ and fed Purina rat pellets (Ralston Purina Company) 
ad libitum were used throughout these studies. Alloxan diabetic 
rats were prepared by the rapid intravenous injection of 45 mg 
per kilogram of alloxan monohydrate after a 24-hour fast; the 
animals were not used until at least 2 weeks after the adminis- 
tration of alloxan, and unless random blood glucose values ex- 
ceeded 300 mg per 100 ml. Uniformly labeled glucose-C™, glu- 
cose-1-C™, glucose-6-C™, acetate-1-C™, and pyruvate-2-C™ were 
obtained from the Volk Radio-Chemical Company. These ma- 
terials were chromatographically pure. Glucagon-free insulin 
was provided through the courtesy of Dr. W. R. Kirtley of the 
Lilly Research Laboratories. Ovine prolactin prepared by the 
Armour Laboratories was a gift of the Endocrinology Study See- 
tion of the National Institutes of Health. 

The animals were killed by decapitation and the epididymal 
fat pads removed as previously described (2) with the exception 
that the pads were placed directly into the incubation vessels 
without prior weighing. At no time were the pads exposed to 
chilled buffer. In each instance one of each pair of epididymal 
fat pads was used as a control in order to minimize effects due 
to the variability in baseline metabolic activity of adipose tissue 
from one animal to another. Incubation was carried out in 
Stanley-Tracewell vessels as previously described (1). The ves- 
sels containing the appropriate substrate in 3.0 ml of Krebs bi- 
carbonate or Krebs phosphate buffer were placed in a Dubnoff 
metabolic shaker set at 37°, 80 cycles per minute, and exposed to 
the proper gas phase before the animals were killed. After the 


* The work reported in this paper was supported in part by 
grants from the National Institute of Arthritis and Metabolic Dis- 
eases (Grant No. A-357(C11)), National Institutes of Health, 
United States Public Health Service, and the Insulin Grants Com- 
mittee of the Lilly Research Laboratories. 
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adipose tissue had been placed in the vessels, exposure to the 
proper gas phase (5% CO, in 95% O, for Krebs bicarbonate buffer 
and 100% O:2 for Krebs phosphate buffer) was continued for an 
additional 5 minutes. The vessels were then stoppered with 
rubber stoppers and kept closed for the remainder of the incuba- 
tion period. Substrates were present in the medium at the fol- 
lowing concentrations: glucose 20 mmoles per liter; pyruvate 40 
mmoles per liter, and acetate 60 mmoles per liter. When glucose 
was added in the presence of acetate or pyruvate its concentra- 
tion was 10 mmoles per liter. 

Glucose present in the medium was determined by the use of 
glucose oxidase (3). Tissue nitrogen was determined by a micro- 
Kjeldahl procedure. The methods for the determination and 
calculation of substrate specific activity, carbon dioxide produc- 
tion from labeled substrate, and the incorporation of substrate 
carbon into long chain fatty acid were as previously described 
(1). All results have been expressed in terms of micromoles of 
substrate carbon oxidized to CO, or incorporated into fatty acid 
per mg of tissue nitrogen. 


RESULTS 


As shown in Table I, ovine prolactin in vitro in a final concen- 
tration of 0.5 to 1.0 mg per ml increases the production of CO, 
from glucose by adipose tissue from normal fed rats. This in- 
creased glucose utilization is accompanied by an increased in- 
corporation of glucose carbon into long chain fatty acid. Al- 
though a consistent and significant effect of prolactin in vitro 
could be demonstrated on glucose oxidation to CO, and on the 
incorporation of glucose carbon into long chain fatty acid, the 
magnitude of this effect varied markedly from animal to ani- 
mal, particularly at the higher hormone concentration. This 
marked variation in the magnitude of the response to prolactin 
in vitro resembles the marked variability in the magnitude of the 
response to the addition of insulin in vitro to this same tissue 
(2). 

When insulin (0.1 unit per ml) was added to one of a pair of 
epididymal fat pads from a fed rat, both pads being incubated 
with prolactin (1.0 mg per ml), an additional increase in CO, 
production from uniformly labeled glucose-C™ resulted (Table 
II). Moreover, fatty acid synthesis from glucose in the pad 
incubated in the presence of both insulin and prolactin was much 
greater than in the control pad incubated in the presence of 
prolactin alone. 

Prolactin in vitro increased CO: production from glucose by 
adipose tissue from alloxan diabetic rats as shown in Table III. 
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Tasie I 


Effects of ovine prolactin added in vitro on metabolism of uniformly 
labeled glucose-C"* by rat adipose tissue* 


Incorporation of glucose carbon 


| Oxidation of glucose carbon to 
COs into fatty acids 


Control | Prolactin | Control Prolactin 
Prolactin (1.0 mg per ml)t 
Mean 1-6 1.41 5.98 | +4.57/ 0.40 2.57 | +2.17 
Prolactin (0.5 mg per ml) 
1 | 1.91 | 3.49 | 41.58!) 0.19 0.53 | 40.34 
2 2.05 | 3.38 | +1.33 0.47 | 0.99 | 40.52 
3 0.94 | 2.52  +1.58/) 0.11 | 0.24 | 40.13 
4 1.24 | 2.82  +1.58/ 0.13 | 0.53 | +0.40 
5 | 2.08 | 3.39 | +1.31) 0.52 | 0.57 | +0.05 
Mean | 3.12 | +1.48, 0.28 0.57 | +0.29 
| £0.06 +0.09 


* All values expressed as wmoles of glucose carbon per mg of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs 
bicarbonate buffer containing 20 mmoles per liter of glucose. All 
experiments are paired, adipose tissue from the same animal 
serving as a control for the epididymal fat pad to which prolactin 
was added. Statistical analysis of the differences listed under 
Prolactin effect indicates the significance of the hormonal effect. 
+ Data from (1). 


Tasie Il 


Effects of insulin and ovine prolactin added in vitro on metabolism 
of uniformly labeled glucose-C"* by adipose tissue from fed rats* 


Incorporation of glucose carbon 


- Oxidation of glucose carbon to 
COs into fatty acids 


Prolac- + Prolac- 


Animal No. | 


Prolactin and | Effect Prolactin tin and Effect 

| | insulin | insulin | 
4.13 | 9.17 | 45.08) 0.20 | 2.48 | +2.28 
2 | 23.75 |417.91 0.47 | 3.10 42.63 
3 4.39 | 11.31 | 46.92) 0.10 | 0.95 | +0.85 
4 | 8.42 | 11.10 | +2.68 | 2.18 | 5.01 | +2.83 
5 6.37 | 17.73 |4+11.36' 1.12 | 7.93 | +6.81 
6 | 7.73 | 16.08 | +8.35 |) 0.61 | 5.89 | +5.28 
Mean 6.15 14.86  +8.71 0.78 4.23 | +3.45 
|  +2.20 +£0.89 


* All values expressed as wmoles of glucose carbon per mg of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs 
bicarbonate buffer containing 20 mmoles of glucose per liter. 
Prolactin present in concentration of 1.0 mg per ml. Insulin 
concentration, when present, 0.1 unit per ml. All experiments 
are paired. Statistical analysis of the differences listed under 
Effect indicates the significance of the hormonal effect. 


However, prolactin did not correct the defect in fatty acid syn- 
thesis from glucose in this tissue. In contrast, insulin in vitro 
corrects the defect in fatty acid synthesis from glucose in the 
adipose tissue of alloxan diabetic rats (2). 

When adipose tissue from normal fed rats was incubated with 
either acetate-1-C™ or pyruvate-2-C™ prolactin in vitro had no 
consistent effect on the oxidation of acetate or pyruvate to COs, 
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Ill 


Effects of ovine prolactin added in vitro on metabolism of uniformly 
labeled glucose-C'* by adipose tissue from allozan diabetic rats* 


Incorporation of glucose carbon 


Oxidation of glucose carbon to 
OCOr into fatty acids 


1 0.30 0.43 +0.13 0.00 0.00 0.00 
2 0.00 0.89 0.00 0.00 0.00 
3 05 160 +1.04 0.00 0.33 +0.33 
4 0.2 O79 +059 0.00 0.00 0.00 
5 0.33 1.37 +1.04 0.00 0.00 0.00 
6 0.24 1.56 +1.32 0.00 0.05 +0.05 
7 0.31 0.39 +0.08 0.07 0.10 +0.03 
Mean 0.28 1.00 +0.73 OO 0.07 +0.06 
+0.05 


* All values expressed as wmoles of glucose carbon per mg of 
tissue nitrogen. Incubation carried out for 3 hours in Krebs bi- 
carbonate buffer containing 20 mmoles of glucose per liter. Pro- 
lactin concentration, when present, 1.0 mg per ml. All experi- 
ments are paired. Statistical analysis of the differences listed 
under Effect indicates the significance of the hormonal effect. 


Taste IV 
Effects of prolactin added in vitro on metabolism of acetate-1-C™ 
and pyruvate-2-C"™ by rat adipose tissue* 


— 


| Oxidation of acetate carbon to — Incorporation of acetate carbon 
ids 


into fatty aci 


Prolactin Prolacti 

| Control Projactin Control | Projactin | 

3.59 3.06 0.17 0.17 °0.00 

2 3.62 3.48 —-0.14 1.29 1.62 +0.33 

3 4.09 4.18 +0.09 0.29 0.26 —0.08 

4 1.70 2.17 +047 0.21 0.13 — 0.08 

5 2.34 2.635 O.24 00 -0.1 

6 3.10 4.08 +00 0.20 — 0.08 
Mean 3.07 3.37 +0.29 0.41 0.41 0.00 
se. +0.16 +0.07 
Oxidation of pyruvate carbon to Incorporation of pyruvate carbon 

COn into fatty acids 

Control | Prolactin | Control | Prolactin 

5.78 | 3.44 | 3.44 | 2.38 -1.06 

2 5.07 | 5.24 | 2.21 + 2.06 

3 7.15 | 5.06 -2.009 3.31 | 3.29 —0.02 

4 —:10.30 | 9.22 —-1.08 69 3.07 —3.89 
144.33 366.61 —7.72 9.51 | 6.01 —3.50 

6 7.57 9.97 =+2.40 10.82 | 4.87 | —5.% 
Mean 8.37 6.59 -1.78 6.04 3.98 | —2.06 
+1.38 +1.19 
* All values expressed as wmoles of carbon | of acetate-1-C", 
or carbon 2 of pyruvate-2-C" per mg of tissue nitrogen. Incuba- 
tion carried out for 3 hours in Krebs bicarbonate buffer. Pyruvie 


acid, when present, was added as its sodium salt (40 mmoles per 
liter) in substitution of the same concentration of NaCl. Acetic 
acid, when present, was added as its sodium salt (60 mmoles per 
liter) in substitution of the same concentration of sodium chlo- 
ride. Prolactin concentrations, when present, 1.0 mg per ml. 
Allexperiments are paired. Statistical analysis of the differences 
listed under Effect indicates the significance of the hormonal 
effect. 
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or on long chain fatty acid synthesis from these substrates (Ta- 
ble [V). 

When unlabeled glucose (10 mmoles per liter) was present in 
the medium in addition to acetate-1-C' or pyruvate-2-C™ pro- 
lactin in vitro stimulated fatty acid synthesis from these two 
precursors of acetyl coenzyme A in adipose tissue from normal 
fed rats (Table V). It was concluded, therefore, that the effects 
of ovine prolactin in vitro on fatty acid synthesis from acetate 
or pyruvate are secondary to its effects on glucose metabolism 
in this tissue. 

In Table VI are summarized experiments in which one member 
of a pair of epididymal fat pads was incubated with glucose-1- 
(“, and the other with glucose-6-C™ under conditions previously 
described (1) which permit the hourly collection of the CO, 
evolved. Pads were incubated without added hormone for 1 
hour to obtain control values for the relative rates of appearance 
of carbon atoms 1 and 6 of glucose in CO, Prolactin (1.0 mg 
per ml) was then added. The data show that in the first hour 
under control conditions, 5 to 10 times as much carbon 1 of glu- 
cose was isolated in CO. as was carbon 6. After the addition 


Taste V 


Effects of prolactin added in vitro on metabolism of acetate-1-C™ 
and pyruvate-2-C™ in presence of unlabeled glucose* 


Oxidation of acetate carbon to Incorporation of acetate carbon 
COs into fatty aci 


| Control Projactin | | Control | Prolactin | 
! «3.68 | 0.50 | 0.60 | +0.10 
2 1.66 -0.86 1.31 | 3.41 | +2.10 
3 | 1.12 | 4.61 +3249 2.24 | 5.00 | +2.76 
(1.10 | -0.40 1.25 1.98 +0.73 
5 6.58 | $1.56) 5.10 | 6.67 | 41.57 
4.68 6.67 0.85 6.21 +5.36 
7 10.69 1.79 | 4.06 42.27 
«7.34 6.32) 1.02) 4.64 12.60 
Mean «4.98 40.19) 2.06 | 4.80 42.74 
se. | +£0.61 +£0.84 

| Oxidation of carbon to carbon 

Animal No. 
Control Prolactin | Control Proiactin 
«3.06 | 4.55 | +1.49) 1.95 | 2.93 | +0.98 
2 | 6.13 | +2.08) 3.84 | 5.87  +2.03 
3 36 | +0.14) 1.54 | 3.82 4+2.28 
4 5.82 4.60 1.22) 14.98 | 16.46 | +1.48 
5 6.06 | 5.25 | —O0.81 | 2.97 | 7.09 | +4.12 
6 «7.64 | 5.50 | -2.14| 2.81 9.36 +6.55 
Mean 5.33 | 5.26 4.68 | 7.59 42.91 
se, +£0.66 | +0.85 


* All values expressed as wmoles of carbon | of acetate-1-C", 
or carbon 2 of pyruvate-2-C" per mg of tissue nitrogen. Ineuba- 
tion carried out for 3 hours in Krebs bicarbonate buffer. Pyruvic 
acid, when present, was added as its sodium salt (40 mmoles per 
liter) in substitution of the same concentration of sodium chlo- 
ride. Acetic acid, when present, was added as its sodium salt (60 
mmoles per liter) in substitution of the same concentration of 
sodium chloride. Prolactin concentration, when present, 1.0 mg 
perml. All experiments are paired. Statistical analysis of the 
diferences listed under Effect indicates the significance of the 
hormonal effect. 


A. 1. Winegrad, W. N. Shaw, F. D. W. Lukens, and W. C. Stadie 


3113 


TasLe VI 


Effects of prolactin in vitro on CO, production from carbon 1t and 
carbon 6 of glucose by rat adipose tissue* 


Oxidation of glucose carbon to CO: 
Labeled glucose 
carbon 
| Hour! 


Anima! No. 


Hour 2 | Hour 3 | Hour 4 


Prolactin added in vitro to all flasks at end of first hour 


1 1 | 0.099 | 0.236 | 0.379 | 0.378 
| 6 0.017 O.048 0.056 0.083 

0.183 0.323 0.429 0.418 
| 6 | 0.017 | 0.033 | 0.044 | 0.038 

3 | 1 | 0.058 | 0.172 | 0.217 | 0.197 
| 6 0.010 0.022 0.030 0.033 
| «(0.064 0.088 0.104 
0.004 0.013 0.020 0.022 

5 0.083 0.092 0.100 
6 0.010 0.024 | 0.021 | 0.024 


* All values expressed as wymoles of glucose carbon | or carbon 
6 per mg of tissue nitrogen per hour. Incubation carried out in 
Krebs-Ringer phosphate buffer, pH 7.4. Concentration of glu- 
cose-1-C'* or glucose-6-C'* was 20 mmoles per liter. Prolactin 
concentration, when present, 1.0 mg per ml. Tissues paired so 
as to compare the metabolism of carbon | and carbon 6 in tissue 
from the same animal. 


of prolactin in vitro the amounts of both carbon | and carbon 6 
appearing in CO, per hour were increased. However, in every 
experimental period after the addition of prolactin more carbon 
1 appeared in CO, than did carbon 6. These data indicate the 
participation of the phosphogluconate oxidative pathway in the 
increased glucose utilization stimulated by prolactin in vitro. 


DISCUSSION 


The paired epididymal fat pads of the rat have proven to be a 
suitable system tn vitro for the study of adipose tissue metabolism 
when undue handling or chilling is avoided (2). It has been 
shown that insulin in vitro markedly increases glucose uptake, 
the oxidation of glucose to CO:, and the incorporation of glucose 
carbon into long chain fatty acid in the epididymal fat of fed 
normal or alloxan diabetic rats (2). Insulin in vitro has no ef- 
fect on fatty acid synthesis from acetate-1-C™ or pyruvate-2-C 
when these substrates are present alone in the medium. How- 
ever, when unlabeled glucose is present in addition to either 
acetate or pyruvate a marked stimulation of fatty acid synthesis 
from these two precursors of acetyl coenzyme A is observed (2). 
It was concluded that the effects of insulin on fatty acid synthesis 
in rat adipose tissue are secondary to its effects on glucose me- 
tabolism. 

The Embden-Meyerhof and phosphogluconate oxidative path- 
ways are known to be operative in adipose tissue (4, 5), and there 
is also evidence suggestive of the presence of the uronic acid 
pathway as well (1). When paired epididymal fat pads are 
incubated with glucose-1-C™ and glucose-6-C™ and the appear- 
ance of carbon atoms | and 6 of glucose in CO, followed hourly 
over a 4-hour period the amount of carbon | appearing in CO, 
markedly exceeds that of carbon 6 (1). The addition of in- 
sulin in vitro after a 1-hour control period in such experiments 
produces a striking increase in the appearance of carbon 1 in 
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CO, and a less marked increment in carbon 6 (1). These data 
have been interpreted as indicating the participation of the phos- 
phogluconate oxidative pathway in the increased glucose oxida- 
tion stimulated by insulin in vitro. 

Bovine growth hormone in concentrations of 0.2 to 1.0 mg 
per ml has also been found to increase glucose oxidation to CO, 
in adipose tissue from fed normal or alloxan diabetic rats (1). 
However, this increased glucose utilization is not accompanied 
by an increase in fatty acid synthesis from glucose (1). More- 
over, growth hormone in vitro stimulates glucose utilization in a 
manner which results in the more rapid appearance of carbon 6 
of glucose in CO, than of carbon 1 (1). From these studies it 
appeared that only certain specific pathways of glucose metabo- 
lism lead to an increase in long chain fatty acid synthesis in adi- 
pose tissue. 

Bovine serum albumin and commercial adrenocorticotropic 
hormone (Armour Laboratories) had no consistent effect in vitro 
on glucose oxidation or fatty acid synthesis from glucose in adi- 
pose tissue from normal fed rats (1). 

Although it is unlikely that adipose tissue is a major site of 
prolactin action, the use of this hormone in vitro provides a tool 
for the further exploration of the relationship between glucose 
metabolism and fatty acid synthesis in adipose tissue. The data 
herein reported show that prolactin in vitro has no direct effect 
on fatty acid synthesis from acetate or pyruvate unless glucose 
is also present in the medium. Prolactin stimulation of fatty 
acid synthesis from these two precursors of acetyl coenzyme A 
thus is dependent upon concomitant glucose utilization. 

The effects of prolactin in vitro on CO: production by adipose 
tissue from glucose-1-C** and glucose-6-C™ indicate the participa- 
tion of the phosphogluconate oxidative pathway in the increased 
glucose utilization stimulated by this hormone. These prolactin 
effects resemble those of insulin in this tissue (1, 4), but differ 
from those observed with bovine growth hormone (1). Bovine 
growth hormone stimulates glucose utilization in adipose tissue 
in a manner which results in the more rapid appearance of carbon 
6 in CO, than of carbon 1, suggesting that the phosphogluconate 
oxidative pathway does not participate to a major extent in the 
increased CO, formation from glucose. Both insulin and pro- 
lactin in vitro stimulate the synthesis of long chain fatty acid 
from glucose, whereas growth hormone does not. The data 
suggest that the differences in the effects of these hormones on 
fatty acid synthesis are related in part to the differences in their 
effects on carbohydrate metabolism in adipose tissue. 

The defect in fatty acid synthesis from glucose in adipose tissue 
from alloxan diabetic rats is not corrected by prolactin in vitro. 
This may mean its action is dependent upon the presence of 
insulin, or that its effect is not of sufficient magnitude to permit 
detection under the conditions employed. It may be argued 
that these effects in vitro of prolactin represent a delaying effect 
on the degradation of insulin bound to the tissue at the time of 
removal from the animal (6). Another possibility is that these 
effects reflect the action of prolactin in peripheral tissues but are 
modified by the relative insensitivity of adipose tissue to this 
hormone, and also perhaps by the factor of the species specificity 
of certain pituitary hormones (7). These same factors of relative 


insensitivity of the target tissue, and species specificity of 
pituitary hormones may account for the high concentrations of 
prolactin required to demonstrate these effects. The effects of 
prolactin in vitro cannot be distinguished from those of insulin 
on the glucose metabolism of adipose tissue from normal fed 


Prolactin Effects on Adipose Tissue 


Vol. 234, No. 12 


rats and may introduce uncertainty in the use of this tissue as a 
bioassay for insulin (8). 

Whether these effects in vitro prove to be of physiological 
significance or not with respect to the action of prolactin on 
adipose and other tissues, the data raise the interesting possibility 
that any agent, physiological or pharmacological, which can 
stimulate the metabolism of glucose in adipose tissue in a manner 
similar to insulin will also stimulate long chain fatty acid syn- 
thesis from glucose, acetate, or pyruvate. 


SUMMARY 


The effects of ovine prolactin in vitro on the metabolism of 
glucose, acetate, and pyruvate by rat adipose tissue has been 
investigated with the use of paired epididymal fat pads. Ovine 
prolactin increased the oxidation of glucose carbon to CO; and 
enhanced the incorporation of glucose carbon into long chain 
fatty acid by adipose tissue from normal fed rats. Insulin (0.1 
unit per ml) added in vitro to one of a pair of epididymal fat 
pads from normal fed rats, both pads being incubated in the 
presence of prolactin, stimulates a further increase in glucose oxida- 
tion to CO, and in fatty acid synthesis from glucose. Ovine 
prolactin in vitro increased CO, production from glucose by 
adipose tissue from alloxan diabetic rats but did not correct the 
defect in long chain fatty acid synthesis from glucose in this 
condition. 

Prolactin in vitro had no effect on the synthesis of long chain 
fatty acid from acetate-1-C™ or pyruvate-2-C™“ when these sub- 
strates were present alone in the medium. In the presence of 
added unlabeled glucose prolactin in vitro stimulates fatty acid 
synthesis from acetate-1-C™ and pyruvate-2-C™ by adipose tissue 
from normal fed rats. It was concluded that the effects of pro- 
lactin in vitro on long chain fatty acid synthesis in rat adipose 
tissue are dependent upon the effects of this hormone on glucose 
metabolism. 

Paired epididymal fat pads from normal fed rats were incu- 
bated with glucose-1-C“ and glucose-6-C™ in Stanley-Tracewell 
vessels to permit hourly collections of CO, production. During 
an initial Il-hour control period the production of CO, from 
carbon 1 was 5 to 10 times greater than that from carbon 6. 
At the end of the control period prolactin was added in vitro, 
CO; production from both carbons | and 6 was increased, but the 
amount of carbon | appearing in CO, always markedly exceeded 
that of carbon 6. This observation indicates the participation 
of the phosphogluconate oxidative pathway in the increased 
glucose utilization stimulated by prolactin in vitro. 
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Increasing attention has been directed in recent years toward 
the two steroids, 4-pregnen-20a-ol-3-one and its epimer, 4- 
pregnen-208-ol-3-one. These compounds became part of the 
steroid chemist’s armamentarium in 1934 with the synthesis of 
the a-epimer by Butenandt and Schmidt (3); but because of 
their apparent lack of biological activity, they received little 
attention thereafter. The metabolic relationship of both steroids 
to progesterone has now been shown (4-6), and the significance 
of their role in endocrinology has been enhanced by the demon- 
stration of their progestational activities (7), and by their natural 
occurrence in several animal species (8-11) and in human beings 
(7, 10, 12). 

Two observations, the finding of both 4-pregnen-20a-ol-3-one 
and progesterone in the tissues of pregnant rats (13) and the 
formation of 4-pregnen-20a-ol-3-one as the major metabolite from 
progesterone in eviscerated rats (5), have prompted an investiga- 
tion of the reaction linking the two compounds; an attempt to 
evaluate the physiological significant of that reaction has been 
made. The results of these studies are presented here. 


EXPERIMENTAL 


Animals used in this study were young adult female rats that 
weighed 200 to 250 g and were obtained from the Holtzman Rat 
Company. Each animal was examined daily by vaginal smear 
to determine periodicity and length of the estrus cycle. Only 
those animals exhibiting a regular 5-day cycle were used. Ani- 
mals were made pseudopregnant by electrical stimulation of the 
cervix (14) on the day before ovulation. The decidual reaction 
was induced by scratching the uterine lumen with a barbed 
needle in the conventional manner on the 5th day after stimula- 
tion of the cervix. 

Progesterone-4-C™ was obtained from Nuclear-Chicago and 
had a specific radioactivity of 65,000 ¢.p.m. per ug. Chromato- 
graphic analysis of this material before use demonstrated its 
radiochemical purity, since it moved as a single peak with the 
same mobility as authentic progesterone. 4-Pregnen-20a-ol-3- 
one was obtained biosynthetically in eviscerated rats after the 
intravenous injection of progesterone-4-C"™ and was characterized 
by carrier experiments with authentic 4-pregnen-20a-ol-3-one 
with the CrO, oxidation to progesterone and acetylation with 
acetic anhydride in pyridine (5, 13). The specific radioactivity 


* This work was supported in part by grant No. A-756 from the 
National Institute for Arthritis and Metabolic Diseases and by 
grant No. C-307 from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, 
Bethesda, Maryland. Preliminary reports of this work were pre- 
sented at the Annual Meetings of the Federation of American 
Societies for Experimental Biology (1, 2). 


of 4-pregnen-20a-ol-3-one-4-C™ was assumed to be the same as 
that of the labeled progesterone. Unlabeled progesterone was 
obtained from Mann Research Laboratories (m.p., 128-133°). 
4-Pregnen-20a-ol-3-one was kindly furnished by the Upjohn 
Company (m.p., 165-166°, [a], 104° in HCCI;). 

Cofactors were purchased from the following companies: TPN 
and TPNH from the California Foundation for Biochemical 
Research; DPNH from Sigma Chemical Company; and DPN 
and glucose-6-P from Mann Research Laboratories, Inc. These 
compounds were used without additional purification. 

After the animals were killed by decapitation, the ovaries were 
immediately removed and transferred to ice cold 0.1 m phosphate 
buffer pH 7.4 or Tris buffer, pH 7.25, containing 0.01 
nicotinamide. After removal of oviducts and fat, the ovaries 
were blotted dry, weighed on a Roller-Smith torsion balance to 
the nearest 0.02 mg, and homogenized in buffer plus nicotinamide 
with the aid of a TenBroek hand homogenizer. Generally, 1% 
homogenates were prepared, although 5% preparations were 
used in some initial studies. In routine assay procedures cell- 
free fractions were obtained by centrifuging the homogenates at 
25,000 to 27,000 x g for 30 minutes; enzyme distribution studies 
(Tables I and II) provided the sole exceptions. All operations 
were carried out at 1-2°. 

Nitrogen was determined in the enzyme preparations by the 
micro-Kjeldah| technique. Analyses were made both on the 
fractions containing nicotinamide in which the protein was de- 
termined by difference and on preparations from which the 
protein was precipitated with trichloroacetic acid and washed 
free from nicotinamide. Both analyses agreed within 2%. 

Before incubation, steroid substrates were dissolved in ethanol, 
(750 wg per ml), and suitable aliquots of the steroid solution were 
added to each incubation flask. Other contents of the flasks 
were then added to the steroid-ethanol solution. Steroid solu- 
bility was never exceeded. ‘Tissue fractions were incubated in 
50-ml Erlenmeyer flasks in an atmosphere of air; complete flask 
contents and other conditions of the incubations will be described 
for each experiment. Enzyme activity was stopped by the addi- 
tion of ethyl acetate, and the steroids were removed from the 
incubation medium by ethyl acetate extraction. Recovery of 
labeled material was quantitative (Table III). Extracts were 
dried under nitrogen at 40° and were then applied directly to 2- 
em strips of Whatman No. | filter paper for chromatography. 
The Zaffaroni heptane-formamide system (15) was used except 
as noted in Table VI. Dried chromatograms were scanned for 
radioactivity with a gas flow thin-window counter equipped with 


1 Appreciation is expressed to Dr. Julian Van Lancker who 
directed the nitrogen analyses. 
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TaBLe I 
Metabolism in vitro of progesterone-4-C™ by rat ovary 

Results are expressed as percentage of total C'* in incubation 
flasks. The reaction mixture consisted of 0.38 wg of progesterone- 
4-C"* (25,000 c.p.m.), 0.24 umole of TPN, and 0.24 umole of glucose- 
6-P, incubated with the tissue fractions given in Table I for 60 
minutes at 37.5° in 5.0 ml of phosphate buffer, pH 7.4, that con- 
tained 0.01 m nicotinamide. 


| Steroids present after incubation 


— - 


Tissue fractions 


4-Pregnen- Compound! Proges- | Com. 
one 5 
Whole homogenate (25 mg)*... 51.4 | 22.1 19.5) 7.0 
Supernatant, 2,500 X 4g, bead | | 
Whole homogenate, boiled, 100 — | | 
| © | © 100.0, 0 
* Wet weight tissue equivalent. 
Il 


Subcellular distribution of 20a-hydroxrysteroid 
dehydrogenase activity 

A 1% proestrus ovary homogenate was centrifuged as indicated, 
and the wg of 4-pregnen-20a-ol-3-one formed from progesterone 
per mg of tissue was determined. Of the 0.25 M sucrose sus- 
pension of each tissue fraction 0.5 ml was incubated in the pres- 
ence of 75 wg of progesterone-4-C"* (30,000 ¢.p.m.) dissolved in 
0.1 ml of ethanol, 2.5 ml of 0.1 mM phosphate buffer plus 0.01 m 
nicotinamide, pH 7.4, and 0.690 umole of TPNH. Each sample 
was incubated at 38° for 30 minutes. 


| 
| 
Tissue 
| Original Original 
| tissue te 
| me product/mg 
Homogenate in 0.25 M sucrose... 46.2 100 
Nuclear fraction (700 X g, 10 min- 
Mitochondrial fraction (24, 000 wa g, 
10 minutes)... 2.0 4 
Microsomal fraction (105, 000 xg, 30 
minutes) . 1.4 3 
Soluble fraction . cae 45.4 as 
Recovery....... | 113 


an automatic recording device. Estimations of the amount of 
product formed in the incubations were obtained by quantitative 
measurements of the radioactivity present on the chromatogram 
(16), and were routinely expressed in micrograms. The con- 
version from counts per minute to micrograms was calculated 
from the specific activity of the substrate. However, specific 
activities of progesterone and 4-pregnen-20a-ol-3-one were meas- 
ured in one experiment as a check by separating the two steroids 
chromatographically and assaying the C™-content and the mass 
of each. Radioassays were performed by plating aliquots of the 
eluted steroid on aluminum disks; the amounts plated were in- 
finitely thin, 0.02 mg per sq cm, and therefore did not require 
correction for self-absorption. The disks were counted in a 


Nuclear-Chicago windowless flow counter long enough to give 
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a standard error in net count of 42°). Steroid mass was 
estimated spectrophotometrically on a second aliquot of the 
eluted steroid. Spectrophotometric analysis of progesterone was 
carried out according to the method of Ocertel et al. (17). 

Analysis of 4-pregnen-20a-ol-3-one was based on its conversion 
to a vellow fluorescent sulfuric acid chromogen by treatment 
with sulfuric acid-80° ethanol (2:1) for 30 minutes at 60°. The 
chromogen had an absorption maximum at 485 my. In the 
analysis, optical density readings were made with a Beckman 
model DK-2 recording spectrophotometer between 440 and 520 
my. Unknown samples were read against blanks prepared from 
blank paper chromatograms treated in a similar fashion and the 
readings were compared with those from known concentrations 
of authentic 4-pregnen-20a-ol-3-one. The Allen correction (18) 
was applied in the calculations. 


RESULTS 


Comparison of in Vitro Results with Previous Study—|neuba- 
tion of rat ovary homogenates with progesterone-4-C™ of high 
specific activity (65,000 ¢.p.m. per wg) gave results analogous 
to those previously obtained from the ovaries of eviscerated rats 
given the labeled hormone intravenously (4) (Table I). The 
main product of metabolism was 4-pregnen-20a-ol-3-one; how- 
ever, considerable amounts of a compound, designated Compound 
3 in the earlier study (4), with mobility intermediate between 
progesterone and 4-pregnen-20a-ol-3-one were obtained. This 
compound did not absorb ultraviolet light at 240 my; it could be 
oxidized by CrO, to pregnane-3,20-dione; and it formed an 
acetate with acetic anhydride in pyridine. Another product, 
previously called Compound 5 (4), was also observed in small 
amounts. This compound likewise did not absorb ultraviolet 
light at 240 my; and it was less polar than progesterone. Com- 
pound 5 could be acetylated, and on oxidation it gave pregnane- 
3,20«lione. Thus, Compounds 3 and 5 were shown to be 
products of progesterone metabolism resulting, at least, from the 
reduction of Ring A to the 5-8 configuration. 

Localization of Enzyme Activity Centrifugation of the homog- 
enate at low speed, 2,500 x g for 30 minutes, almost completely 
freed the supernatant fraction of enzymes catalyzing the forma- 
tion of Compounds 3 and 5, but the capacity to form 4-pregnen- 
20a-ol-3-one remained. Boiling the enzyme preparation de- 
stroved this activity, and no conversion of progesterone to 
4-pregnen-20a-ol-3-one occurred in the absence of the ovary 
preparations (Table I). 

More definitive information was provided on the subcellular 
distribution of the enzyme capable of reducing the 20-keto group 
of progesterone (20a-hydroxysteroid dehydrogenase) by the dif- 
ferential centrifugation study summarized in Table Il. Essen- 
tially all of the enzyme activity demonstrable in the whole 
homogenate was retained in the supernatant solution remaining 
after centrifugation at 105,000 x g for 30 minutes. This study 
also provided information on the activity of the 20e-hydroxy- 
steroid dehydrogenase relative to that of other enzymes respon- 
sible for reduction of Ring A. Although these latter enzymes 
were evident when substrate of high specific activity and 25 
mg of tissue homogenate (Table 1) were used, their metabolic 
products were immeasurable in the experiment described in 
Table II in which 0.5 mg of tissue homogenate was incubated | 
with low specific activity substrate, conditions under which aec- 
tivity of the 20e-hydroxvsteroid dehydrogenase was easily de- 
tectable. 
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Activity versus Time—The time course of the reaction is given 
in Fig. 1. A short lag period was observed, followed by rapid 
reduction of substrate. This lag was not seen when TPNH 
served as hydrogen donor in place of the TPNH-generating 
system. 

Characterization of Product 4-Pregnen-20a-ol-3-one was char- 
acterized as the product of the reaction by the following criteria: 
(a) It gave the characteristic blue color reaction with KI-I, (13). 
(6) Its chromatographic mobility was identical with that of 
authentic 4-pregnen-20a-ol-3-one. (c) It was oxidized by CrO; 
toa compound which was subsequently identified as progesterone 
after conversion to progesterone-bis-thiosemicarbazone. (d) It 
formed an acetate which was chromatographically indistinguish- 
able from authentic 4-pregnen-20a-ol-3-one acetate. (¢) It gave 
a sulfuric acid chromogen possessing the same ultraviolet and 
visible spectrum as the chromogen from authentic 4-pregnen- 
Wa-ol-3-one. Further evidence that the enzyme system under 
investigation gave a single product from progesterone was pro- 
vided by measuring the specific activities of both substrate 
and product as a function of time (Table II]). The results dem- 
onstrated that 4-pregnen-20a-ol-3-one was not contaminated 
by other labeled products of metabolism with similar chromato- 
graphic mobility. 

Activity versus Enzyme Concentration— Fig. 2 shows the effect 
of increasing enzyme concentration on the reaction. In the 
presence of excess substrate the rate of the reaction was propor- 
tional to the amount of enzyme present. 

Velocity versus Substrate Concentration— Estimates were made 
of the maximum reaction velocity and the Michaelis constant by 
varving substrate concentration over a 1000-fold range from 1 x 
10°? with 0.1 we of progesterone-4-C™, to 10 10°° mM, with 
the same amount of labeled steroid diluted with 100 yg of carrier 


300}—- ' ' ' 


8 


4-PREGNEN~20 @-Ol-3~ONE 
8 


20 30 40 50 60 
MINUTES 


Fic. 1. Reduction of progesterone by pseudopregnant rat ovary 
supernatant fraction as a function of time. The reaction mixture 
consisted of 300 wg of progesterone-4-C™ (300,000 ¢.p.m.); TPN, 


4.6 wmoles; glucose-6-P, 4.6 wmoles; enzyme equivalent to 1.72 mg 


of protein nitrogen; 0.1 m phosphate buffer at pH 7.4; and 0.01 
nicotinamide made up to a volume of 20 ml. The mixture was 
incubated at 37°. Aliquots of 3.0 ml were removed for analysis at 
the times indicated; the 60-minute sample contained the remaining 


5 ml of reaction mixture. 
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Taste Ill 


Recovery of labeled steroids and determination of specific activity of 
substrate and product during incubation 


See legend accompanying Fig. | for a description of the contents 
of the reaction vessel and the aliquot size used for sampling. 
Specific activities were determined as described in the text. 


Reaction Total 
tiene Progesterone 


4-Pregnen-20a-ol-3-one 


recovered 
1 48,970 1188 1,620 | 1110 50,590 
5 27.820 04 15,580 | 1167 43,400 
15 29 920 1096 21,450 1045 51,370 
30 26 500 768 20,580 1169 47 ,080 
45 18,600 1082 21,390 1279 39 990 
60 27,830 1039 40,800 | 1035 68 , 630 
| 301,060 
o 
ro) 
za 
lw 
za 


10 20 30 40 50 
ENZYME (sigs. PROTEIN NITROGEN) 

Fie. 2. Reduction of progesterone by proestrus rat ovary super- 
natant fraction as a function of enzyme concentration. The 
quantity of enzyme indicated was present in 3.0 ml of 0.1 m phos- 
phate buffer at pH 7.4 that contained 0.01 m nicotinamide, 1.25 
umoles of TPN, 1.25 wmoles of glucose-6-P, and 75 ug of proges- 
terone-4-C'* (30,000 ¢.p.m.). 
hormone per 3.0 ml of incubation volume. The results of this 
study are given in Fig. 3. 

4-Pregnen-20a-ol-3-one was the only product formed at all 
levels of substrate concentration used. Estimates of the two 
physical constants were helpful in fixing standard conditions of 
the assay and are applicable only to the enzyme preparation used. 
Used were 75 wg of progesterone per 3.0 ml of incubation volume 
as the standard substrate concentration; higher concentrations 
were prohibited by limited solubility. The measured value for 
Am, 44 M, is equivalent to 44 wg of progesterone per 3.0 
mil, so that, in the majority of assays reported, it was estimated 
that enzyme reaction velocity proceeded at near maximal (8.4 
mug 4-pregnen-20a-ol-3-one formed per wg of protein nitrogen 
per ml). 

Reversibility of Reaction— <A tracer quantity of 4-pregnen-20a- 
ol-3-one-4-C™ (120,000 ¢._p.m.) and 150 yg of nonlabeled 
4-pregnen-20a-ol-3-one were incubated in the presence of TPN 
and the ovary supernatant fraction. Progesterone was also 
studied under comparable conditions with the use of TPNH. 
Results of the experiment are given in Table IV. Characteriza- 
tion of the product derived from 4-pregnen-20a-ol-3-one as 
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SUBSTRATE CONCENTRATION 


Fic. 3. Reduction of progesterone by proestrus rat ovary super- 
natant fraction as a function of substrate concentration. Quan- 
tities of progesterone-4-C"* given in the text were dissolved in 0.1 
ml of ethanol and diluted with 3.0 ml of 0.1 m phosphate buffer at 
pH 7.4 that contained 0.01 m nicotinamide, 0.25 umole of TPN, 
and 0.25 wmole of glucose-6-P. Enzyme, 0.25 ml, (21.5 wg of pro- 
tein nitrogen) was added after 5 minutes preincubation at 37°, and 
the incubation was continued for 30 minutes. 


Tasie IV 
Reversibility of reaction 
Steroid present at end of 
incubation 
Flask* Substrate 
Progesterone | 3-one 
4 ue 
1 Progesterone, 150 ug 75.6 83.9 
2 4-Pregnen-20a-ol-3-one, 150 ug 73.8 62.6 


* Flask contents: Pseudopregnant rat ovary supernatant frac- 
tion containing 0.85 mg of protein nitrogen; 0.1 m Tris-HCl buf- 
fer, pH 7.25; 0.01 m nicotinamide; and 0.001 Mm cysteine. The 
total volume was 10 ml. In addition, Flask 1 had 2.3 wmoles of 
TPNH and Flask 2 had 2.3 wmoles of TPN. Reactions were 
carried out at 37° for 60 minutes. 


progesterone was based on the following: (a) It had the same 
chromatographic mobility as authentic progesterone. (6) It 
gave a sulfuric acid chromogen with an absorption maximum at 
290 my, the same as authentic progesterone. (c) It could not be 
acetylated by acetic anhydride or oxidized with CrOs. (d) It 
formed a product identical chromatographically with proges- 
terone-bis-thiosemicarbazone when treated appropriately with 
thiosemicarbazide. Throughout the manipulations a, c, and d 
above, the specific activity of the labeled product remained 
constant. 

Cofactor Requirements (Summarized in Table V)—Incubation 
of rat ovary homogenate supernatant fraction (25,000 x g, 30 
minutes) with TPN and glucose-6-P demonstrated the presence 
of glucose-6-P dehydrogenase in these preparations. It was 
observed that TPNH generation proceeded linearly at a rate of 
0.023 uwmoles per minute throughout a 30-minute incubation 
period, so that, at the end of that time, the molar equivalent of 
TPNH formed was 2.88 times that of the steroid substrate used. 
This TPNH excess was not measurably decreased in the presence 
of progesterone; although reduction of steroid did occur. Al- 


though reoxidation of TPNH and DPNH by the ovary prepara- 
and respec- 


tion was noted, the reaction involved only 3°% 
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tively, of the two nucleotides present in the media. Maintenance 
of the 340 my absorption in the absence of substrate was inter- 
preted as a demonstration of pyridine nucleotide stability in the 
presence of the tissue preparation. No reduction of substrate 
could be detected in the absence of added pyridine nucleotide. 

Satisfactory stoichiometric relationships were found among 
changes in substrate and pyridine nucleotide concentrations when 
either DPN, TPN, or their reduced forms were used in either 
the oxidation or reduction reaction; a preference of the enzyme 
for TPN was indicated. 

Substrate Specificity Determination of the substrate require- 
ments based on a limited selection of steroids indicated a prefer- 
ence of the enzyme for progesterone (Table VI). Reduction of 
the ketone group at C-20, but not C-17, was observed; however, 
previous oxidation of C-21 prevented the reduction. 17a-Hy- 
droxy progesterone was converted to its 20a-hydroxy derivative, 
but it proved a less reactive substrate than progesterone. 

Effect of pli—The extent of interconversion of progesterone 
and 4-pregnen-20a-ol-3-one was studied as a function of hydrogen 
ion concentration. TPNH itself and TPNH generated by endog- 
enous glucose-6-P dehydrogenase were used in the reduction 
reaction, and TPN was the added cofactor for the oxidation 
reaction. Results are given in Fig. 4. The quantities of prod- 
ucts formed during 30 minutes incubation by both the forward 
and backward reactions were markedly dependent upon the pH 
of the medium. Reduction of substrate was favored at low pH 
values and oxidation was favored at high pH. Almost identical 
results were obtained with the TPNH-generating system and the 


Taste V 
Participation of pyridine nucleotides in rat 
ovary enzyme preparation 

Exclusive of additions, each flask contained proestrus rat ovary 
supernatant fraction (0.045 mg of protein nitrogen), 0.1 mM phos- 
phate buffer at pH 7.4, plus 0.01 m nicotinamide, and 0.1 ml of 
ethanol. The volume was 3.1 ml. Each sample was incubated 
for 30 minutes at 33°. Incubation took place in 3-ml quartz 
cuvettes in a Cary recording spectrophotometer, model 11. Op- 
tical density at 340 mp was determined throughout the 30-minute 
incubation; each sample was read against the appropriate blank. 
The reactions were stopped and the steroids were extracted with 
ethyl acetate and analyzed as described in the text. 


- 


aODat 


Additions 
| formed 
pmoles pmoles 
1.25 wmoles — P, 1.25 umoles TPN +0. 682 
0.68 smole TPNH. —0.023 
0.97 ymole DPNH —0.008 


0.236 wmole progesterone-4-C"*, 75 wg 0 0 
0.236 ywmole progesterone -4-C', 1.25 


pmoles glucose-6-P, 1.25 wmoles TPN +0.782 0.034° 
0.236 umole progesterone-4-C'*, 0.69 umole 

TPNH... —0.060 0.049" 
0.236 umole progesterone-4- cu, 0.67 smole 

DPNH. —0.039 0.037* 
0.234 anole 4- -pregnen- 3-one, 75 wg, 

1.25 ~moles TPN +0.085 0. 
0.234 wmole 4-pregnen-20a-ol-3-one, 1.25 

pmoles DPN +0.049 0.061t 


* 4-Pregnen-20e-ol-3-one. 
t Progesterone. 


200 
150 
100 
0 
0 i 2 3 4 5 6 7 8 9 0 
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Taste VI 
Enzyme-substrate specificity 

The flasks contained 75 sg of substrate, proestrus rat ovary 
supernatant fraction (0.043 mg of protein nitrogen), 1.25 wmoles 
of TPN, «.25 wmoles of glucose-6-P in phosphate buffer at pH 
7.4, plus 0.01 m nicotinamide. The volume was 3.0 ml; incubation 
was at 37° for 30 minutes. The chromatography systems used 
were Flask 1, heptane-formamide; Flasks 2 and 3, benzene- 
formamide; Flask 4, chloroform-formamide; Flask 5, heptane- 
benzene (1:1)-formamide; Flask 6, isooctane-toluene (25:75)- 
methanol-water (80:20). 


Substrate | 20e-Hydroxy 


derivative 

Progesterone-4-C™, 400 ¢.p.m. per 22.0 
l7a-Hydroxyprogesterone-4-C™, 334 c. m. per 

pe. 14.0 
Desoxy corticosterone-4- cM, 280 ©. p.m. per 0 

4-C™, 640 ¢.p.m. per wg... 0 
Androstene-3,17-dione-4-C™, 2, ¢.p.m. per 

Estrone-16-C", 440 p. m. per 0 


W. G. Wiest 
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Fic. 4. The effect of pH on the extent of interconversion of 
progesterone and 4-pregnen-20a-ol-3-one. @- - -@, Progesterone 
reduction to 4-pregnen-20e-ol-3-one with TPNH. Each flask con- 
tained progesterone-4-C™, 75 we (30,000 ¢.p.m.); TPNH, 1.25 
smoles; proestrus ovary enzyme preparation, 51.6 wg protein 
nitrogen; 3.0 ml of 0.1 m phosphate buffer at pH 4.8 to pH 7.5, or 
0.1 m carbonate buffer at pH 8.5 plus 0.01 Mm nicotinamide. 
O-----O, Progesterone reduction to 4-pregnen-20e-ol-3-one with 
TPNH-generating system. Flask contents were the same as 
above except that TPNH was replaced by TPN, 1.25 wmoles; and 
glucose-6-P, 1.25 umoles. 4-Pregnen-20e-ol-3-one oxida- 
tion to progesterone. Flask contents were the same as in the first 
graph except that 4-pregnen-20e-ol-3-one-4-C™, 75 wg (30,000 
e.p.m.) served as substrate instead of progesterone-4-C™ and 
TPNH was replaced by TPN, 1.25 wmoles. pH values above 8.0 
were obtained with 0.1 m carbonate buffer. 


Taste VII 


Effects of p-chloromercuribenzoate and cysteine 
The flasks contained 75 ug of progesterone-4-C™, proestrus ovary 
supernatant fraction (0.042 mg of protein nitrogen), 0.69 umole of 
TPNH, phosphate buffer plus 0.01 m nicotinamide at pH 7.4. 
The volume was 3.1 ml; incubation was at 33° for 30 minutes. 


Additives 
ug 
CMB (2 wmoles); cysteine ©. 13 manele). 31.5 


* p-Chloromercuribenzoate. 


VIII 


20a-H ydrorysteroid dehydrogenase activity in rat ovaries observed 
during estrus cycle and pseudopregnancy 


Each figure represents the mean of 3 animals; each animal was 
assayed in duplicate. Standard deviations are given in paren- 
theses. No significant differences were observed between dupli- 
cate analyses. Each flask contained rat ovary supernatant frac- 
tion (0.043 mg of protein nitrogen), 0.1 Mm phosphate buffer plus 
0.01 m nicotinamide at pH 7.4, 1.25 wmoles of TPN, and 1.25 
umoles of glucose-6-P. The volume was 3.0 ml; incubation was 
at 37° for 30 minutes. 


Day of cycle and pseudopregnancy 
ue 

Estrus 17.2 (6.9) 
Ist day diestrus. 15.8 (2.2) 
2nd day dlestres. . 13.9 (1.1) 
3rd day diestrus. . | aes 23.3 (9.4) 
4th day pseudopregnancy . 5.3 (0.9) 
9th day pseudopregnancy with deciduo- 


TPNH indicating that the endogenous glucose-6-P dehydro- 
genase was not made limiting by pH changes. Little et al. (19) 
recently have published studies on a similar enzyme preparation 
obtained from human placenta, and have reported a pH optimum 
at 6.2 for the reduction of progesterone to 4-pregnen-20a-ol-3-one 
when a TPNH-generating system was used. 

Activators and I nhibitors— Activation of the enzyme by cysteine 
was noted when the assay was carried out at pH 7.4 (Table VII); 
however, no cysteine stimulation was apparent if the pH were 
lowered to 5.7 where the reduction of progesterone proceeds 
maximally. Complete inactivation of the system by p-chloro- 
mercuribenzoate was observed, but activity was retained if 
cysteine were present with the heavy metal inhibitor. Storing 
the ovary supernatant fraction prepared with phosphate buffer 
and nicotinamide at —15° for 3 days resulted in total loss of 
enzyme activity even in the presence of cysteine. 

Variation of 20a-H ydrorysteroid Dehydrogenase Activity during 
Estrus Cycle and Pseudopregnancy— Rats were assayed on each 
day of the estrus cycle, on the 4th day of pseudopregnancy, and 
on the 9th day of pseudopregnancy when uterine deciduomata 
were massive. Table VIII gives the variations observed. Sup- 
plemental assays using TPNH instead of the TPN H-generating 
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system demonstrated that the observed differences in enzyme 
activity were not due to limitation of glucose-6-P dehydrogenase. 

Lack of Enzyme Activity in Other Tissues—Enzyme assays were 
made on pseudopregnant rat uteri during growth of decidual 
tissue, which requires the action of progestational hormones, and 
in the normal uterus during the estrus cycle. All analyses of 
uterine tissue, endometrium, myometrium, and decidual tissue 
failed to show production of 4-pregnen-20a-ol-3-one from pro- 
gesterone. ‘Tissue slices, homogenates, and supernatant tissue 
fractions obtained at 25,000 x g were used as the enzyme source 
and both TPNH and DPNH were used as cofactors. As much 
as 600 mg of uterine tissue were incubated with progesterone-4- 
C of high specific activity (65,000 c.p.m. per wg) in order to 
accentuate the sensitivity of the assay, and although metabolism 
of progesterone to Compound 5 and pregnane-3,20-dione was 
observed, there was no demonstrable formation of 4-pregnen- 
20a-ol-3-one. 


DISCUSSION 


The progestational hormones, progesterone and 4-pregnen-20a- 
ol-3-one are shown by this investigation to be reversibly inter- 
related. The enzyme catalyzing the reaction was found in the 
ovary, the site of biosynthesis of such hormones. Similar oxi- 
dation-reduction systems link testosterone with androstene- 
3,17-dione, cortisol with cortisone, and = estradiol-178 with 
estrone. The rat ovary 20a-hydroxysteroid dehydrogenase 
bears similarities to other steroid dehydrogenases in solubil- 
ity (20-23), response to variations in hydrogen ion concen- 
tration (22, 23), and in the association of its enzyme activity 
with constituent sulfhydryl groups (20, 21, 23). However, the 
restrictive substrate requirements demonstrate the distinctive 
nature of the ovary enzyme showing maximum activity with 
progesterone and 4-pregnen-20a-ol-3-one. The Michaelis con- 
stant measured for this enzyme system is of the same order as 
those of other hydroxysteroid dehydrogenases studied (24), and 
demonstrates a high affinity of the enzyme for its substrate. 

Although a preference of the enzyme system for TPN or its 
reduced form in both the reduction and oxidation reactions has 
been shown, a more quantitative estimate of preference for TPN 
over DPN cannot be made until purer enzyme preparations are 
available. A specific requirement for TPNH was claimed for 
the placental enzyme studied by Little et al. (19); however, the 
data fail to support this claim. 

The fact that progesterone and 4-pregnen-20a-ol-3-one both 
possess progestational hormonal activity and are related meta- 
bolically by a reversible oxidation-reduction reaction made at- 
tractive the possibility that the mechanism of gestagenic activity 
might be mediated through the hydroxysteroid dehydrogenase 
functioning as a transhydrogenase. This concept follows the sug- 
gestion that the biological consequences of steroid action might 
have their origin in alterations of hydrogen flow between two 
forms of pyridine nucleotide providing a “unitary theory of ster- 
oid action” (25, 26). The determination of possible transhydro- 
genase activity must await definitive studies with the purified 
dehydrogenase; however, the complete absence of the enzyme 
from the uterus during the period of physiological response to 
progestational stimulation makes it highly unlikely that this 
enzyme plays any role in the mechanism of progesterone action. 

Possible biological significance may lie in the observation that 
20a-hydroxysteroid dehydrogenase activity tends to increase 
during follicular proliferation and to decrease after ovulation. 
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At least two explanations of the observation are plausible: (a) 
The increased enzyme activity might be facilitated by estrogen, 
in which case the levels of dehydrogenase activity parallel pro- 
duction in the ovary of the follicular estrogenic hormone; or (5) 
increased dehydrogenase activity might accompany the onset of 
progestational hormone biosynthesis which begins before forma- 
tion of the corpus luteum (7). In the latter case the fall in 
enzyme activity after ovulation could be explained by the fact 
that rat corpora lutea have only a transitory functional period 
unless prolonged by pseudopregnancy. It has been possible to 
decide between the above explanations on the basis of the low 
levels of dehydrogenase activity observed during pseudopreg- 
nancy compared with the levels present at proestrus; ie. de- 
creased enzyme activity after ovulation (measured on the day 
of estrus) is related to a fall in estrogen level in the ovary and 
not to a cessation of luteal activity (progestational hormone 
biosynthesis) since luteal function is maintained during pseudo- 
pregnancy. Therefore, inasmuch as the biological activity of 
4-pregnen-20a-ol-3-one is only one-half to one-third that of 
progesterone, it may be possible to explain, in part, the estrogen- 
progesterone antagonism (27) on the basis of estrogenic stimula- 
tion of a progesterone inactivating enzyme. In addition, there 
exists the interesting possibility that because of the reversible 
nature of the reaction, this inactivation of progesterone is not 
complete or permanent, and lowered hydrogen ion concentration 
or elevated TPN per TPNH or both could raise the progesta- 
tional hormone potency of ovarian secretion without progesterone 
synthesis de novo. 


SUMMARY 

Progesterone and 4-pregnen-20a-ol-3-one are shown in this 
study to be reversibly interrelated through a metabolic reaction 
catalyzed by an enzyme present in rat ovaries. The enzyme 
reacted preferentially with progesterone, and to a lesser degree 
with 17a-hydroxyprogesterone. It was inactive toward estrone, 
androstene-3 ,17-dione, and Reichstein’s Substance 8. TPNH 
was shown to be the preferred hydrogen donor in the reduction 
of progesterone. The reduction reaction was favored at higher 
hydrogen ion concentration, whereas the oxidation reaction pro- 
ceeded to a greater extent at high pH values. Evidence for the 
participation of sulfhydryl groups in the reaction was provided 
by p-chloromercuribenzoate inhibition and activation by cys- 
teine. 

The enzyme was not found in rat uterus. Variations in en- 
zyme activity were noted during the estrus cycle and in pseudo- 
pregnancy, and it was concluded that enzyme activity increased 
in response to estrogen stimulation. 
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It has been shown in a previous study (1) that rat adrenal 
sections will produce corticosteroids in the presence of triphos- 
phopyridine nucleotide and glucose 6-phosphate. If the adrenal 
sections are frozen before the final incubation there is a 3-fold 
increase in corticosteroid production. The freezing phenomenon 
has now been found to occur also in adrenal homogenates. In 
addition, it has been found that Ca** at the proper concentra- 
tion or ficin in the presence of cysteine will largely duplicate the 
stimulation by freezing of corticosteroid production. This com- 
munication is concerned with the conditions needed to activate 
the systems involved in the stimulation of corticosteroid produc- 
tion by adrenal tissue and with the nature of the activation 
process. 


EXPERIMENTAL 


Methods—The adrenal glands were removed from 150 to 200-g 
male Sprague-Dawley rats under Nembutal anaesthesia. The 
glands were cut into eighths and tissue equivalent to 2 glands was 
preincubated in a Dubnoff metabolic incubator for 1.0 hour at 
38° under 95% O25% COs in 2.0 ml of a medium consisting of 
109 parts of 0.154 m NaCl and 21 parts of 0.154 m NaHCOs,. 
The preincubation medium was removed and stored in the frozen 
state for extraction of steroids.' In the case of experiments 
with adrenal sections, the tissue was distributed before the pre- 
incubation among the beakers according to the procedure of 
Saffran and Schally (2). When homogenates were used, the 
tissue was pooled and homogenized in 0.154 m KCl. The ho- 
mogenates usually contained 65 to 75 mg wet weight of tissue 
per ml. This untreated homogenate is called normal homog- 
enate. Frozen homogenates were prepared by freezing normal 
homogenates in a Dry-Ice-ethanol mixture, kept in the frozen 
state for 5 minutes, thawed, and briefly rehomogenized before 
use. At the end of the final incubation the medium, in the case 
of experiments with adrenal sections, or the entire contents of 
the beakers, in the case of experiments with homogenates, was 
extracted with methylene dichloride and assayed by a blue tetra- 
zolium reaction (3). The corticoid output is expressed as yg of 
cortisol per 100 mg wet weight of tissue, unless indicated other- 
wise. 

Phosphorylase activity was determined according to Suther- 


* This work was supported in part by research grants from the 
National Science Foundation (No. G-5025), the Massachusetts 
Division of the American Cancer Society, and the United States 
Atomic Energy Commission, contract No. AT(30-1)-918. 

1 To be published. 


land and Wosilait (4) and glucose 6-phosphate dehydrogenase by 
the method of Kelly et al. (5). 

Materials—Na glucose-6-P, NaTPN, NaTPNH, and glucose 
6-phosphate dehydrogenase were obtained from the Sigma Chem- 
ical Company. Other enzyme preparations used were obtained 
from the Worthington Biochemical Corporation. Lipase (from 
wheat germ), pan-protease (a lyophilized pancreatic preparation 
containing various protease activities), peptidase (a hog intes- 
tinal mucosa extract), acid phosphatase (from wheat germ), 
cathepsin, and alkaline phosphatase (intestinal) were crude 
preparations. Chymotrypsin (from beef pancreas, three times 
crystallized), ribonuclease (free of protease activity, three times 
crystallized), trypsin (twice crystallized), carboxypeptidase 
(twice crystallized and obtained in a water suspension with 
toluol preservative), papain (twice crystallized and obtained as 
a suspension in 0.03 m cysteine) and ficin (twice crystallized and 
obtained as a suspension in 0.03 m cysteine) were crystalline 
preparations. 


RESULTS 


As may be seen from Fig. 1, adrenal homogenates, fortified 
with TPN and glucose-6-P, show an increased corticoid output 
in the presence of Ca** or when submitted to freezing before 
incubation. A complicated Ca** concentration curve is obtained 
with normal homogenates. 

Some Characteristics of Stimulation by Ca**—The Ca** ion is 
more effective in stimulating corticoid output in adrenal homog- 
enates than any other cation tested. As may be seen from Table 
I, Sr**, Mg**, Ba**, and Fe** will also stimulate corticoid out- 
put. However, at their most effective concentrations, they 
gave less than 50% of the response given by Ca**. Other cat- 
ions tested did not stimulate corticoid output and only inhibi- 
tory effects were observed. Mn** became inhibitory at 1 x 
10 mu, Fe*** at 1 & 10°? mM, and Zn**, Cu**, Co**, and Ni** 
at 5 x 10-*M in the order Zn** > Cut* » Co** > Nit**. 

The corticoid output of adrenal homogenates in the presence 
of Ca** as a function of incubation time may be seen in Fig. 2. 
The influence of Ca** on the reaction is apparent at the shortest 
time measured. No discernible lag period is present and the 
curves go through the origin, suggesting that the stimulation by 
Ca** starts at once at a maximal rate. The reaction is usually 
linear for 20 to 30 minutes and then starts to fall off. The dif- 
ferences found at the two Ca** concentrations tested and with 
a homogenate stimulated by freezing persisted through a 2-hour 
incubation period. 
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The question whether Ca** could stimulate the system in the 
absence of TPN and glucose-6-P was tested in the experiments 
presented in Table II. It may be seen that no evidence of stim- 
ulation was obtained under these conditions and that at the 
higher Ca** concentration inactivation of the system rapidly 
takes place. It thus seemed that stimulation by Ca** was ap- 
parent only under the conditions for corticoid biosynthesis, that 
is, in the presence of TPN and glucose-6-P. It was possible 
that under these conditions Ca** could stimulate the system and 
then its presence would no longer be necessary. To test this 
hypothesis, the experiment described in Table III was run. It 
is apparent from the agreement of corticoid output (6) — (a) 
with the corticoid output of Section C that the addition of Versene 
(ethylenediaminetetraacetate) to an homogenate which had been 
incubated in the presence of Ca**, TPN, and glucose-6-P results 
in an immediate reduction of corticoid output to the values ob- 
tained in the case where Versene and Ca** had been present from 
the start of the incubation. That is, the stimulatory effect of 
Ca** was stopped at once by the Versene, regardless of the prior 
exposure of the homogenate to Ca**, TPN, and glucose-6-P for 
various times. These results indicate that the rate of stimula- 
tion of the system by Ca** is not greater than the rate of syn- 
thesis of the final corticoid analyzed for, or alternately the stim- 
ulated system decays rapidly. The continuous presence of Ca** 
is needed for the system to become and remain stimulated. 

Some Characteristics of Stimulation by Freezing—Since during 
the process of freezing the tonicity of a solution changes, the 
response of adrenal homogenates to hypotonic and hypertonic 
conditions was investigated. The results are presented in Table 
IV. Although there is some increase in corticoid output under 
varying conditions of tonicity, it is considerably less than that 
brought about by freezing. The inhibition resulting from the 
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Fic. 1. The stimulation of corticoid output by Ca** in normal 
and frozen rat adrenal homogenates. One hour incubation at 38° 
under 95% 02:5% CO~. The medium contained 0.4 ml of homoge- 
nate, 40 wumoles of NaHCO,, 3.2 mg of glucose, 4.0 mg of NaTPN, 
5.1 of mg Na glucose-6-P, and 0.154 wm KCl or the indicated addi- 
tions to a final volume of 2.0 ml. @-———-@, Normal homogenate, 
and frozen homogenate. 
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TABLE I 


Stimulation of corticoid output by adrenal 
homogenates by various cations 

Incubation was for 1.0 hour at 38° under 95° 02-5% CO:. The 
incubation medium contained 0.4 ml of homogenate, 40 umoles 
NaHCoO,, 2.1 mg of Na glucose-6-P, 1.6 mg of NaTPN, and 0.154 
mM KCl or the indicated additions to a final volume of 2.0ml. The 
values under the Ca** heading are control values in the absence 
or presence of Ca**. 


Corticoid output 


| | Mg*+ Ba*+ Fet+ 
u | | 
2.5 x | 26.9 
1x 10-3 | 37.8 | 34.6 45.6 
2x 10° | | 15.1 
5 xX 10°3 39.1 44.5 29.6 13.0 
1.5 X 10°? 40.2 41.9 
3x 1072 49.0 
3.5 107 47.8 
4x 107 | 43.1 
5 x 10°? 
Ca*+ | Catt Ca** 
0 30.9 24.5 26.2 
1.1 x gas 66.2 49.6 56.6 
16.5X10* | 75.4 | 94.9 74.9 79.1 
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Fic. 2. The rate of corticoid output in adrenal homogenates at 
different Ca** concentrations. The incubation medium contained 
40 umoles of NaHCO,, 2.1 mg of Na glucose-6-P, 1.6 mg of NaTPN, 
3.2 mg of glucose and 0.154 m KCl, or the indicated additions to a 
final volume of 2.0 ml. Incubation conditions were the same as 
those for Fig. 2. @———@, Ca** present at 1.1 X final con- 
centration, and X——X, Ca** present at 16.5 X 10°? om final con- 
centration. 


addition of hypertonic KC] (hypertonic NaCl acts similarly) does 
not appear to be an osmotic phenomenon, since there are more 
osmotically active particles present in the sucrose incubation. 
The inhibition appears to be caused by the KCl or NaCl per se. 
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Taste Il 


Effect of preincubation of adrenal homogenates in presence of 
Ca** on corticoid output 

Preincubation: The medium contained 0.4 ml of homogenate, 
40 zmoles of NaHCO, 3.2 mg of glucose, and 0.154 m KCI and the 
indicated additions to a final volume of 2.0 ml. Incubation was 
for the indicated times at 38° under 95° 02-59% COs¢. 

Final incubation: To the beakers which had been preincubated 
were added 7.7 wmoles of NaHCO,, 0.6 mg of glucose, 2.0 mg of 
NaTPN, 2.54 mg of Na glucose-6-P, and 0.154 m KCl and the in- 
dicated additions to a final volume of 2.4 ml. Where there was 
no preincubation, the indicated Ca** additions were included in 
the final incubation medium. Incubation was at 38° under 95° 


02-5% CO2. Experiment 1 was incubated for 30 minutes and Ex- 
periment 2 for 60 minutes. 
Experiment 1 Experiment 2 
Final incubation Final incubation 
Corticoid | Corticoid |  Corticoid 
output*® outputt output outputt 
Versene Versene Ca** IVersene | 
(2.2 33.0 | (33.0 | (33.0 | | (33.0 
pmoles ) umoles ) _umoles) wmoles) | 
min. | | | | 
None | 38.1 | 19.2 | 54.5 | 28.1 74.1. 
5 33.3 | 19.0 | 50.2 | 29.8. | 
10 34.5 | 18.9 | 43.7 25.1 | | 
15 37.2 | 21.3 | 38.0 21.8 | 
60 | | 52.4 | 19.0 14.8 7.65 


* Preincubation with Ca**, 2.2 wmoles. 
Preincubation with Ca**, 33.0 umoles. 


Digitonin and deoxycholic acid were inhibitory at 2 x 10-* m 
and had no effect at lower concentrations. Digitonin was a 
more potent inhibitor than deoxycholic acid. 

The effect of multiple freezing on the stimulation of corticoid 
output by adrenal homogenates may be seen from Table V. 


Stimulation of Corticoid Production by Adrenal 


Vol. 234, No. 12 


Tasie IV 


Effects of water and hypertonic KCl and sucrose on corticoid output 
of rat adrenal homogenates 

The incubation medium contained 0.4 ml of homogenate, 40 
pmoles of NaHCO,, 1.6 mg of NaTPN, 2.1 mg of Na glucose-6-P 
and 0.154 mw KCl, and the indicated additions to a final volume 
of 2.0 ml. Ca** where indicated was present at 16.5 K 10°? » 
final concentration. Incubation was for 1.0 hour at 38° under 
O+-5% COr>. 


Experiment 1 Experiment 2 | Experiment 3 
Costiceld ‘Corticoid output Corticoid output 
Ho KCL 28 
+Ca** | — | Cc 
ml | ml ml 
15.7 | 75.8 (24.5 88.2 20.8 82.9 
0.10 15.1 74.5 | 0.01 (22.2 85.5 0.50 | 40.3) 104 
0.20 83.3) 0.02 20.2) 80.7) 1.00 | 35.3) 114 
0.40 15.6) 89.5) 0.05 17.6 | 71.5 
0.80 | 95.2) 0.10 14.8 
1.20 24.4110 | 0.20 | 14.0 45.3 


The activity of the homogenate is quite stable and shows essen- 
tially no decrease after 3 days of storage in the frozen state. 

As may be expected, the addition of Versene in molar amounts 
equal to or greater than the amount of Ca** present prevents 
the Ca** stimulation of a normal homogenate (Table VI). In- 
creasing the Ca** concentration, in turn, reestablishes the stim- 
ulation of the homogenate. However, if Versene is added to a 
homogenate stimulated by freezing, no inhibitory effect is ob- 
served. These results indicate that freezing does not act by 
merely releasing an unavailable form of Ca**. Also, it has been 
shown that in the Ca**-stimulated system the continuous pres- 
ence of Ca** is required (Tables II and III). However, there 
does appear to be a metal requirement for the stimulation by 
freezing since the presence of Versene during the freezing of the 
homogenate inhibits the stimulation (Table VI). Subsequent 


Taste Ill 
Necessity for continuous presence of Ca** for stimulation of corticoid output by adrenal homogenates 
The medium contained 0.4 ml of homogenate, 45 wmoles tris(hydroxymethyl)aminomethane buffer pH 7.60, 1.6 mg of NaTPN, and 


2.1 mg of Na glucose-6-P, and, when present, 2.2 wmoles of Ca** and 3.0 wmoles of Versene. 
Appropriate controls were run at the various times with no TPN or glucose-6-P present. 


of 2.0 ml. 


In Section A the beakers were incubated for the indicated times in the presence of Ca**. 


0.1544 mu KCI] was added to a final volume 
Incubation was at 38° in air. 
In Section B Versene was added to beakers 


which had already been incubated in the presence of Ca** as in Section A and the incubation continued for the additional times indi- 
cated. Thus, corticoid output (6) — (a) represents the corticoid output obtained after addition of Versene to beakers which had been 


incubated with Ca** in the absence of Versene for various times. 
of the incubation. 


In Section C the Ca** and Versene were both present from the start 


A Cc 
| Addition ‘output | incubation | Additions | ‘output ‘output Additions 
min | | min min | 
30 Ca** | 42.7 30 | Ca** + Versene 59.5 16.8 30 | Cat? + Versene 16.6 
15 Cat+ | 27.8 | 45 | Cat* + Versene 50.3 22.5 45 Ca** + Versene 25.7 
10 50 Ca*t + Versene 4.1 30.7 Ca** + Versene 29.0 
5 Ca** 12.8 55 Ca** + Versene 44.6 | 31.8 55 Ca** + Versene 30.8 
60 Cat+ 63.5 | | | | 
60 31.7 | | | | | 


| 
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Taste V 


Effect of multiple freezing and storage in frozen state on activity of 
rat adrenal homogenates 
The incubation medium contained 0.4 ml of homogenate, 40 
ymoles of NaHCOy,, 1.6 mg of NaTPN, 2.1 mg of Na glucose-6-P, 
and 0.154 mu KCI to a final volume of 2.0 ml. Incubation was for 
1.0 hour at 38° under 95°) O--5°, CO,. The stored homogenates 
were kept in the frozen state at —15° for the indicated times. 


Homogenate | 


Corticoid output 
Normal | 19.0 
Frozen once 52.3 
Frozen twice | 53.9 
Frozen 4 times | 61.2 
Frozen 6 times | 63.5 


Stored 1 day | 52.4 
Stored 2 days | 
Stored 3 days 


addition of Ca** to the Versene-frozen homogenate reverses the 
inhibition. 

The presence of Ca** during the freezing process has essen- 
tially no effect greater than that seen if the Cat** were added 
after freezing. The addition of Versene to a Ca** frozen homog- 
enate decreases the corticoid output to a level essentially that 
seen with the usual frozen homogenate. These results indicate 
that exogenous Ca** has little effect on the stimulation brought 
about by freezing. 

In an attempt to reverse the inhibition by Versene of the 
stimulation by freezing, it was unexpectedly found that if both 
Ca** and Versene were present in equimolar amounts during 
the freezing processes, no stimulation at all took place. If the 
molar concentration of Ca** was greater than that of Versene, 
the corticoid output was reduced even below that of a nonstim- 
ulated homogenate. Although additional experiments have 
been run, no adequate explanation of this phenomenon can be 
offered. 

Effect of Tissue Concentration—As may be seen from Fig. 3, 
the specific activity (ug corticoid per mg tissue) of corticoid out- 
put increases with increasing tissue concentration. This situa- 
tion is obtained with both Ca** and freezing stimulated ho- 
mogenates and with non-stimulated homogenates. Tissue 
concentration curves of this type have been described by Wu 
and Racker (6) and have been attributed by them to the exist- 
ence of a multiplicity of rate limiting factors.2 They have found 
that at different concentrations of an ascites tumor cell extract 
different enzymes become limiting in the rate of glycolysis. The 
present situation cannot be extensively analyzed because of the 
lack of knowledge of the details of corticosteroid biosynthesis. 
There is also the complication arising from the fact that corticoid 
production in this case is taking place from endogenous precur- 
sors and this situation can also give rise to this type of tissue 
concentration curve (7). However, it is to be noted from Fig. 3 
that the rate of increase of the specific activity of the stimulated 
homogenates decreases at higher tissue concentrations whereas 
the rate of increase of the specific activity of the nonstimulated 
homogenate does not over the same tissue concentration range. 


* We wish to thank Dr. Racker for making this manuscript avail- 
able to us before its publication. 
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Taste VI 
Effects of Versene and Ca** on corticoid output by normal 
and frozen homogenates 
The medium contained 0.4 ml of homogenate, 40 uwmoles of 
NaHCoO,, 1.6 mg of NaTPN, 2.1 mg of Na glucose-6-P and 0.154 
mM KCl or the indicated additions to a final volume of 2.0 ml. _In- 
cubation was for 1.0 hour at 38° under 95°), 02-5°) COs. 


| Corticoid output 
Final | | Frozen homogenate 
molarity | 
Addition in homog- 33 (| 
| enate | added | added 
| tol | tol 
after | after 
| | freezing freezing 
| 27.3 | 88.5 
Versene 22 | 5.5 | 62.6 | 99.0 
Versene 0 | 5.5 89.6 
Versene 47 16.5 52.0 | 67.0 
Versene 0 | 16.5 | 84.5 
Versene 66 33.0 43.4 
Versene 0 33.0 | 89.4 
Ca** 22 5.5 107 93.6 
Ca** | 5.5 | ‘107 
Ca** 47 | 165 | 97.2 96.2 
Ca** 16.5 | 79.2 | 84.58 
Versene + Ca** 16.5 + 16.5 30.7 | 
Versene + Ca** 16.5 + 33.0 85.5) 
> 
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Fic. 3. The effect of tissue concentration on the specific activ- 
ity of adrenal homogenates. The medium contained 40 umoles 
of NaHCQ,, 2.1 mg of Na glucose-6-P, 1.6 mg of NaTPN, and 0.14 
mM KCl or the indicated additions to a final volume of 2.0 ml. In- 
cubation conditions were the same as those for Fig. 2. 
Normal homogenate; O———O, normal homogenate plus Ca** at 
16.5 X final concentration; @——-@, frozen homogenate. 
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Fic. 4. The effect of pH on corticoid output in rat adrenal 
homogenates stimulated by Ca** or by freezing. The medium 
contained 0.4 ml of homogenate, 2.1 mg of Na glucose-6-P, 1.6 mg 
of NaTPN, and 0.154 m NaHCO, to give the indicated pH values. 
The pH values were calculated from the NaHCO, concentration 
under an atmosphere of 5% CO: and at 38° (8). X xX, Frozen 
homogenate and @——-@, normal homogenate plus Ca**. 


concentration where the stimulated homogenates are approach- 
ing a dependence on only one rate-limiting factor. 

Effect of pH—Fig. 4 shows that homogenates stimulated by 
freezing and those stimulated by Ca** have different pH optima. 
Similar results were obtained with tris(hydroxymethyl)amino- 
methane buffer, but in this case both pH curves were shifted 
upward by about 0.35 pH unit. 

Stimulation by Ficin—In an attempt to throw some light on 
the presumed enzymatic nature of the stimulation by Ca**, the 
adrenal homogenates were treated with various enzyme prepara- 
tions in the presence of TPN and glucose-6-P. The following 
enzyme preparations had no effect at the lower concentrations 
noted and were inhibitory to varying extents at the higher con- 
centrations (only the extremes of the concentrations used are 
recorded): lipase (1.0 to 10.0 mg), acid phosphatase (0.1 to 10.0 
mg), alkaline phosphatase (0.05 to 10.0 mg), papain (0.02 to 
4.0 mg), peptidase (0.02 to 10.0 mg), carboxypeptidase (0.1 to 
10.0 mg), trypsin (0.3 to 10.0 wg), chymotrypsin (0.1 to 10.0 
ug). Lipase, papain, and peptidase were tested with and with- 
out cysteine. Acid phosphatase and alkaline phosphatase were 
tested with and without Mg**. Cathepsin (0.5 to 5.0 mg) 
tested in the presence and absence of cysteine and ribonuclease 
(5 to 100 wg) had no effect. Pan-protease (0.1 to 10.0 ug) was 
tested with and without cysteine. In the absence of cysteine 
the higher concentrations of this material were inhibitory and 
the lower concentrations had no effect. In the presence of 
cysteine addition of 1 wg of pan-protease resulted in a 20% stim- 
ulation over the cysteine control value. A combination of tryp- 
sin and chymotrypsin gave a similar slight stimulation. Crystal- 
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Taste VII 
Effect of cysteine, glutathione, and ficin on corticoid 
output by adrenal homogenates 

Medium contained 40 gmoles of NaHCO, 2.1 mg of Na glucose. 
6-P, 1.6 mg of NaTPN, 0.4 ml of homogenate and 0.1544 » KCl, 
and the indicated additions to a final volume of 2.0 ml. Ficin 
was present at a concentration of 1 sg per ml. Incubation wag 
for 1 hour at 38° under 95°) O,-5°% COs. 


Corticoid output 


Addition Final concentration — 
| Ficin 
x 
Experiment 1 
28.6 31.4 
Ca** 16.5 79.5 | 
L-Cysteine _.. | 7.5 27.2 47.5 
L-Cysteine | 15.0 30.1 63.4 
L-Cysteine | 15.0 | 30 
L-Cysteine 30.0 | 46.7 | 66.2 
L-Cysteine.. 60.0 73.2 
Experiment 2 | | | 
a | 16.5 | 87.9 | 
GSH..... 0.75 41.5 | 59.5 
GSH... | 3.75 54.2 75.7 
GSH... | 7.5 60.1 79.1 
GSH 15.0 65.6 79.4 
GSH... | 30.0 65.7 
GSH... | 60.0 73.0 64.5 


* Ficin preparation placed in boiling water for 10 minutes be- 
fore use. 


line soybean trypsin inhibitor or ovomucoid at a concentration 
of 5 mg per ml inhibited the Ca** stimulation by 20%. 

When the adrenal homogenate was exposed to crystalline ficin 
at a concentration of 1 wg per ml of medium in the presence of 
cysteine or glutathione, the increase in corticoid output was 
similar to that found with stimulation by Ca** (Table VID). 
In the presence of cysteine ficin at 0.1 wg per ml of medium had 
no effect, at 0.5 wg per ml it was slightly stimulatory, and at 2 
ug per ml it was inhibitory. It may also be seen from Table 
VII that cysteine alone or glutathione alone will also stimulate 
the corticoid output of adrenal homogenates. 

When tested in the presence of Ca** (16.5 & 10-* M) cysteine 
(15 & 10-* m) did not increase the corticoid output, but gluta- 
thione (7.5 « 10°* m) increased the response 14°. Glutathione 
in the presence of cysteine or glutathione in the presence of Ca** 
and cysteine gave no response greater than that seen with gluta- 
thione alone or Ca** alone. Ficin in the absence of the sulfhy- 
dryl compounds increased the Ca**-stimulated corticoid output 
by 20° and also gave a similar increase in the corticoid output 
obtained in the presence of Ca** plus cysteine or Ca** plus 
glutathione. 

Phosphorylase and Glucose-6-P Dehydrogenase Activity—It has 
been shown by Haynes and Berthet (9) that there is an increase 
in adrenal phosphorylase after exposure to ACTH? in vitro and 
Haynes (10) has reported that this effect is mediated by means 
of 3’,5’-AMP which accumulates in the adrenal tissue exposed 


* The abbreviations used are: ACTH, adrenocorticotropic hor- 
mone (corticotropin); 3’,5’-AMP, adenosine 3’,5’-phosphate. 
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to ACTH. In addition, Haynes et al. (11) have shown that 
3°. 5'-AMP in vitro will increase the corticoid output of adrenal 
sections. In view of these results, the phosphorylase activity of 
the various homogenates was determined. No significant differ- 
ence was found between the phosphorylase activity of normal 
homogenates and homogenates stimulated by Ca** or by freez- 
ing. This is further illustrated by the data of Table VIII. It 
may be seen that both TPN and glucose-6-P are required for 
activity in normal and stimulated homogenates and that glyco- 
gen cannot substitute for glucose-6-P. In addition, NaF which 
inhibits the phosphorylase inactivating enzyme of liver (12) has 
no effect. The direct addition of 3’ ,5’'-AMP to normal homog- 
enates and to normal homogenates stimulated by a suboptimal 
amount of Ca** has no effect. The presence of phosphate with 
or without 3’ ,5’-AMP also has no effect. 

Another possible site of action for the stimulation is the level 
of glucose 6-phosphate dehydrogenase. Neither stimulation by 
freezing nor stimulation by Ca** affected the levels of this en- 
zyme. In addition substitution of TPNH for TPN + glucose- 
6-P did not increase the corticoid output in normal homogenates 
and the addition of glucose-6-phosphate dehydrogenase did not 
increase the response to TPN + glucose-6-P. 

Effect of ACTH—Since any condition increasing the corticoid 
output of adrenal tissue may be involved in the action of ACTH, 
the effect of ACTH on adrenal sections maximally stimulated 
with Ca** was tested. As may be seen from the data of Table 
IX ACTH causes a further increase of corticoid output under 
these conditions. 

Tentative Identification of Blue Tetrazolium Reducing Steroid— 
The data of Table X indicate that the reported increased activity 
of adrenal homogenates as measured by the blue tetrazolium 
reaction reflects increases in steroid production, presumably 
mainly corticosterone. 


DISCUSSION 


The nature of the observed stimulation by freezing is not 
known. Freezing and other treatments which disrupt mito- 
chondrial structure have been shown to stimulate a variety of 
enzymatic activities (14-16). The reported stimulation of 
corticoid output by freezing has been found to take place in the 
mitochondrial fraction of adrenal homogenates.‘ The stimula- 
tion by freezing may be due to nonspecific physical effects as 
suggested in an earlier study (1), or to the stimulation of a spe- 
cific enzymatic activity. At present no decision can be made. 

In addition to freezing the reported results show that the 
corticoid output of adrenal homogenates can be increased also 
by Ca** or the action of a proteolytic enzyme, ficin. On the 
basis of the present data, it is not possible to decide whether 
these various types of stimulation have the same or different loci 
of action. However, the interpretation of the data presented 
with respect to the question posed depends primarily on the sig- 
nificance attached to the relatively small increases obtained when 
one type of activator is superimposed on a maximal stimulation 
by another activator. It has been found that in homogenates 
stimulated by either Ca** or freezing only the step cholesterol 
to pregnenolone in the corticoid biosynthetic sequence (17) is 
stimulated. Consequently, it is felt that the small increases 
noted do not indicate action of the various types of stimulation 


*F. G. Péron and 8. B. Koritz, to be published. 
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Tasie VIII 


Inability of glycogen to replace glucose-6-P for production 
of corticoids in adrenal homogenates 

Incubation was for 1.0 hour at 38° under 95°% 02-5% CO:. The 
medium contained 0.4 ml of homogenate, 40 wymoles of NaHCOs, 
and 0.154 m KCI and the indicated additions to a final volume of 
2.0 ml. There were added 1.6 mg of NaTPN, 2.1 mg of Na glu- 
cose-6-P, 20 mg of glycogen, 28.6 wmoles of Ca**, and 200 umoles 
of NaF when these substances were present. 


Corticoid output 
Additi 
Normal Ca** Frozen 
homogenate nate 

Glucose-6-P........... 2.27 0.51 2.01 
TPN + glucose-6-P........... 17.2 71.6 76.5 
TPN + glyeogen............... 0.55 2.55 2.01 
TPN + glucose-6-P + NaF.... 20.4 40 .0* 81.1 


* A precipitate of CaF, was present here. 


TasBie IX 


Effect of ACTH on corticoid output of adrenal sections 
maximally stimulated by 

One hour of incubation at 38° under 95% O2-5% CO:. The me- 
dium contained 3.2 mg of glucose, 40 wmoles of NaHCO,, 7.6 
umoles of KCl, 66.0 uymoles of CaCl:, and 0.9% sodium chloride 
solution, and the indicated additions to a final volume of 2.0 ml. 
Where indicated 4.0 mg of NaTPN and 5.1 mg of Na glucose-6-P 
were added. 


ACTH TPN + glucose-6-P Corticoid output 
unils/mi 
+ 53.0 
0.25 _ 18.5 
0.25 + 61.0 


TABLE X 


Demonstration by paper chromatography of increase in corticosterone 
production by homogenates stimulated by Ca** or by freezing 


The contents of 12 beakers for each condition were pooled and 
extracted with methylene chloride. The extract was chromato- 
graphed on paper with the use of the system of Burton et al. (13). 
The area corresponding to the corticosterone zone was eluted and 
quantitated by the blue tetrazolium reaction. Each beaker con- 
tained 0.4 ml of homogenate, 40 wmoles of NaHCO;, 3.2 mg of 
glucose, 2.1 mg of Na glucose-6-P, 1.6 mg of NaTPN, and 0.154 
M KCI or the indicated addition to a final volume of 2.0ml. Where 
indicated Ca** was present at 16.5 final concentration. 


Homogenate Addition Total —~ 
us 
Normal 76.0 
Normal Catt 377 
Frozen 250 


at separate systems, or at the most there may be action at sep- 
arate sites within the framework of the cholesterol to preg- 
nenolone transformation. 

It would appear that the stimulation might be proteolytic in 
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nature. Proteolytic activation of an intracellular enzyme, fruc- 
tose 1,6-diphosphatase has been reported (18). In addition, 
Ca** is involved in the proteolytic activation of several enzymes, 
such as the transformation of trypsinogen to trypsin (19) and 
the conversion of prothrombin to thrombin (20). The stimula- 
tion by cysteine and GSH could reasonably be due to an effect 
on an endogenous proteolytic enzyme and, as noted above, freez- 
ing can stimulate many enzymatic activities. 

It is of interest that Stone and Hechter (17) have localized 
the action of ACTH at the cholesterol to pregnenolone step in 
corticoid biosynthesis. In addition, Ca** appears to be specifi- 
cally involved in the action of ACTH (21). However, it should 
be noted that in the present study, adrenal sections maximally 
stimulated with Ca** will still respond to ACTH with a further 
increase in corticoid production. 


SUMMARY 


The corticoid production of rat adrenal homogenates in the 
presence of triphosphopyridine nucleotide and glucose 6-phos- 
phate is stimulated by Ca** and by freezing. The Ca** effect 
is relatively specific. Sr**, Mg**, Ba**, and Fe** were only 
half as effective and the other cations tested were inhibitory. 
Versene (ethylenediaminetetraacetate) inhibited the stimulation 
by Ca** but not the stimulation by freezing. However, the 
presence of versene during the freezing process is inhibitory and 
this inhibition is reversed by Ca**. It is concluded that there 
is a metal involved in the stimulation by freezing. Various 
other properties of the stimulation by Ca** and freezing are 
described. 

Adrenal homogenates are also stimulated by ficin in the pres- 
ence of cysteine or glutathione. The sulfhydryl compounds 
alone will also partially stimulate the homogenate. 

The stimulation by Ca** or freezing does not involve phos- 
phorylase or glucose 6-phosphates dehydrogenase. Glycogen 
cannot substitute for glucose 6-phosphate; adenosine 3’ ,5’-phos- 
phate had no effect. 
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It is suggested that the various types of stimulation have a 
common effect and that the basic reaction involved may be pro- 
teolytic in nature. 
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In the rat, the addition of cholesterol to the diet leads to a 
striking increase in liver cholesterol, particularly in the esteri- 
fied forms. Concurrently, there is a decrease in the incorpora- 
tion of acetate into cholesterol, and prolonged feeding of such a 
diet may, in fact, lead to almost complete cessation of choles- 
terol synthesis (1, 2). The mechanism whereby cholesterol syn- 
thesis is curtailed by exogenous cholesterol is as yet unknown; 
our interest in the metabolism of cholesterol esters (3, 4) led us 
to examine the behavior of these esters for a clue to such a 
mechanism. In the course of this examination, with the use of 
tritium-labeled cholesterol in the diet, some heretofore unre- 
ported phenomena were encountered. These phenomena were 
of a transient nature, recognizable only at early time intervals 
after feeding cholesterol, and suggestive of several successive 
changes in cholesterol metabolism as feeding was continued. 
The study of these changes may help to shed light on the means 
by which cholesterol synthesis is regulated. 


EXPERIMENTAL 


Animals—Sprague-Dawley male rats weighing 350 to 400 g 
were used. Since it was highly desirable to maintain the ani- 
mals in a steady state for the duration of the experiment, the 
constant-feeding device of Swick and Handa (5) was used. In 
this device, the animal receives ,', of his daily ration hourly and 
each portion is available to the animal for only 1 hour, thus 
minimizing the effects which might be attributable to intermit- 
tent ad libitum feeding. Furthermore, before the start of iso- 
tope feeding, the food supply is adjusted in such a fashion that 
fool consumption exactly matches the amount provided and 
that the animal neither gains nor loses weight. It is therefore 
possible to provide extremely accurate values for the actual 
amount of isotope presented to the animal over any given period 
of time, and at the same time to be certain that each increment 
of isotope was ingested at hourly intervals. In practice, pairs 
of animals maintained on a 5° corn oil diet (2) were trained for 
4 minimum of 3 days before the experiment, and then fed the 
diet containing 0.5°% labeled cholesterol for 0.5, 1.0, 3.0, or 7.0 
days. In control experiments, it was found that an hourly feed- 
ing schedule for periods of up to 10 days had no effect on either 
the level of free or ester cholesterol, or the composition of the es- 
ters, in comparison to animals fed ad libitum. 

Materials and Me —Labeled cholesterol was prepared by 
the exchange reaction with gaseous tritium by the method of 
Wilzbach (6). Purification was carried out by repeated reerys- 


* This work was performed under the auspices of the United 
States Atomic Energy Commission. 

‘We wish to thank Dr. Kenneth Wilzbach for carrying out the 
exposure of the cholesterol used in these studies. 


tallization from ethanol to remove readily exchangeable tritium, 
followed by conversion to the dibromide and regeneration of cho- 
lesterol (7). The product was diluted with carrier cholesterol 
to 120 ¢.p.m. per wg and incorporated into the 5% corn oil diet 
at a level of 0.5%. Analysis of the diet showed the mixing to 
be uniform; the final specific activity of the diet, measured on 
digitonin precipitates, was 110.8 ¢.p.m. per ug cholesterol, re- 
flecting dilution of the labeled cholesterol by sterols in the corn 
oil. 

At the end of the cholesterol feeding period, the animals were 
killed, the livers were removed, and the lipids were extracted by 
methods previously described (8). Free and total cholesterol 
were determined on the total lipid extracts by the method of 
Sperry and Webb (9), ester and free cholesterol were isolated by 
silicie acid chromatography (10), and specific activities were 
measured on the digitonides by the method of Kabara (11), with 
the use of a Packard Tri-Carb counter. The isolated cholesterol 
esters were fractionated (12) and the specific activities of the 
cholesterol in each ester were determined as described by Klein 
and Martin (8). 


RESULTS 


In Table I are shown the values for free, ester, and total cho- 
lesterol, together with their specific activities at various time 
intervals of cholesterol feeding. Since the liver weights did not 
vary significantly, calculation of the quantities of material in- 
volved was facilitated by converting all concentrations to quan- 
tities per 12 g liver, a representative weight in these animals. 
Three observations are noteworthy: First, the free cholesterol 
increased significantly on the first to third day, but returned to 
near normal values by the seventh day. Second, the ester cho- 
lesterol showed the anticipated rise; this rise was 3-fold within 
the first 12 hours and reached 10-fold within 7 days. Third, 
appreciable quantities of activity were found in the free cho- 
lesterol fraction even at early time periods. In fact, at 12 hours 
and 3 days the specific activity was significantly higher than in 
the ester fraction, but these values alternated with specific ac- 
tivities similar to, or lower than, those of the esters at the first 
and seventh days. 

From the values in Table I, it is possible to calculate the 
amount of dietary cholesterol present as free or esterified cho- 
lesterol after each time interval? These values are presented 


? The possibility has been considered that a portion of the ra- 
dioactivity present in these fractions might be derived from the 
degradation products of dietary cholesterol which are reincorpo- 
rated into cholesterol. In such an event, the activity figures 
could potentially represent the one-time presence of much larger 
quantities of labeled material. In light of the limited ability of 
the rat to degrade cholesterol beyond the side chain (13) and the 
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Transient Phenomena Induced by Cholesterol Feeding 
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I 
Content and specific activity of liver free and ester cholesterol after various periods of feeding labeled cholesterol 


Dietary cholesterol had a specific activity of 110.8 ¢.p.m. per ug 


| Days 
| 0 | 0.5 1.0 3.0 7.0 
H* cholesterol received, mg..... We | 0 | 45.0 91.5 300.0 | 607.0 
Cholesterol, mg/12 g liver as: | | | 
19.7 (0.6)* 17.2 (0.8) 26.4 (2.3) 27.9 (0.6) 17.2 (0.2) 
OS a ak. 5.7 (0.7) 17.0 (1.1) 18.5 (2.5) 29.5 (1.9) 69.9 (2.0) 
| 25.4 (1.0) 34.3 (1.3) 44.9 (0.2) 57.5 (1.4) | 87.2 2. 1) 
Specific activity, c.p.m./ug: | 
_Free cholesterol.......... hick ya ae 12.2 (1.3) 23.8 (1.4) 37.8 (1.3) | 49.7 (1.6) 
Ester cholesterol........... oe 7.6 (0.1) 25.8 (1.0) 26.8 (2.0) 73.4 (6.3) 


* Standard error of the mean. 


Tas_e Il 


Contribution of dietary cholesterol to observed increase in 
liver cholesterol 


Days 
o | os | 1.0 3.0 7.0 
Dietary cholesterol present in: | 
Free cholesterol (mg)... | @ | 
Ester cholesterol (mg)..... 0 | 1.2) 4.3) 7.1 | 46.5 
Total (mg).... 0 3.1) 10.0) 16.6 3 
Increase in total cholesterol | | 
from start of experiment | | 
(mg/12 g liver)..... | | 9.1) 19.7 | 32.3 | 62.0 
Increase due to dietary choles- | 
terol (%).. | 34.0 | 50.7 | 51.3 | 87.5 
Increase in ester cholesterol | | 
(mg/12 g liver)... | 11.3 | 12.7 | 23.8 | 64.2 
Increase due to dietary choles- | | 
terol (%) 10.6 33.8 29.8 | 72.4 
Ill 


Effect of dietary cholesterol concentration on accumulation 
of liver cholesterol 


Concentration 
0% | 0.5% | 0.17% | 0.05% | O17% 
Time fed, days...... 1.0 1.0) 1.0) 3.0 
Mg cholesterol/12 g liver as: 
Free cholesterol. . | 19.7 | 26.4 | 16.0 | 17.2 | 20.3 
eter chelesterel.. 6.7) 18.5) 2.6] 5.4] 13.1 
Total... (25.4 44.9 18.6 | 23.6 | 33.4 
Mg dietary cholesterol present | | | 
Free cholesterol... ..... | 5.7 1.0) 0.4 3.6 
Ester cholesterol.......... 431 0.21 2.4 
(10.0; 1.2] 0.5! 6.0 


Each value represents the average of 4 to 6 determinations. 


in Table II and are compared with the total increase in choles- 
terol content taking place in the same interval. It is apparent 
that in the early stages of cholesterol feeding, the magnitude of 
the increase is far greater than can be accounted for on the basis 
of the dietary cholesterol present in these fractions, particularly 
in the case of the esterified form. The contribution of endoge- 
nous cholesterol to this increase reaches its maximum on the 
third day and thereafter declines. 

We investigated this phenomenon further to determine 
whether the magnitude of the accumulation of ester cholesterol 
was related in a simple fashion to the concentration of choles- 
terol in the diet. Pairs of animals were fed the cholesterol-con- 
taining diet which had been diluted 3 times and 10 times with 
normal diet, for a period of 24 hours. The results, shown in 
Table ILI, indicate that the accumulation of cholesterol in the 
liver is not a linear function of the dietary concentration but 
completely disappears at the next lower concentration. When 
the quantity of cholesterol received by the animals on a 0.5% 
cholesterol diet in the course of 1.0 day was fed over a period of 
3.0 days, the liver cholesterol increased to a lesser extent. 

The composition of the esters at each time interval was deter- 
mined and the amounts of each ester present are shown in Fig. 1. 
In response to cholesterol feeding, the absolute amount of cho- 
lesterol arachidonate is unchanged, confirming earlier work (4); 
cholesterol esters of linoleic and saturated fatty acids increase 
initially and then reach a plateau whereas cholesterol oleate 
shows an uninterrupted increase. 

In light of the recent demonstration of the heterogenous rates 
at which newly synthesized cholesterol is incorporated into these 
esters by rat liver (8), it was of interest to determine whether or 
not esterification of dietary cholesterol would show such hetero- 
geneity. The specific activities of these esters, listed in Table 
IV, show that this is indeed the case. In comparison to the nor- 
mal liver, however, where the order of descending specific activi- 
ties shortly after the injection of acetate was found to be oleate, 
linoleate, saturated and arachidonate esters, the liver esters of 
cholesterol-fed animals displayed different relative specific ac- 
tivities, depending upon the time interval of feeding. 


relatively short time periods available for such re-utilization, this 
likelihood would appear quite small. 


— 


vo. 12 


December 1959 

30 
« 
w 
2 
a 
20 
~ 
ad 
« 
w 
— 
w 
at 
x 
Linoleote 
w 
Saturated 

Arachidonote 
fe} 2 
0 05 1.0 3.0 7.0 
TIME, doys 


Fic. 1. The quantities of cholesterol esters of saturated oleic, 
linoleic, and arachidonic acids present in rat liver after various 
periods of cholesterol feeding. 


DISCUSSION 


The absorption of small amounts of cholesterol from the gas- 
trointestinal tract is usually considered to involve esterification 
of most, though not all, of the free sterol (14-16). The subse- 
quent fate of this cholesterol may involve either discharge into 
the plasma by means of the thoracic lymph or direct transport 
to the liver by the intestinal lymphatics, but as yet the ultimate 
mode of entry into the liver has not been clearly established. 
In light of the well known increase of the ester content of the 
liver after the feeding of cholesterol, it was our view, perhaps 
of naive origin, that this increase represented the burden of ab- 
sorbed cholesterol. Examination of the radioactivity accumu- 
lated in the free and esterified cholesterol after relatively short 
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time intervals, however, indicated that such simplicity was not 
to be found in these processes. 

The presence of considerable radioactivity in the free choles- 
terol at 12 hours suggests either a more extensive absorption of 
free cholesterol than previously suspected or a preferential hy- 
drolysis of the incoming esters. Furthermore, at each successive 
time interval this activity was alternately higher and lower than 
that of the esters, indicative of fluctuations in metabolic rates 
which as yet cannot be interpreted. Although the control of the 
metabolic status of these animals was such as to afford a high 
degree of confidence in the data, the small numbers of animals 
involved make a strong reliance on the phenomena seem unwise. 

The truly surprising feature of the data lay in the finding that 
the initial increase in ester cholesterol was derived from endoge- 
nous sources. One might speculate that this represents the nor- 
mal flux of cholesterol esters through the liver which is in some 
way blocked by the incoming dietary cholesterol. At present, 
the normal metabolic pathway and ultimate fate of cholesterol 
esters are complete enigmas although there is some evidence that 
they may function in the degradation of cholesterol to the bile 
acids (17). One may note that the rate of cholesterol feeding 
appears to influence the accumulation of liver esters, suggesting 
the existence of a rate-limiting step in the disposal of dietary 
cholesterol associated with ester metabolism. The gradual de- 
cline of the endogenous contribution to this increase after 3 days 
may be a reflection of the decreased synthesis of cholesterol, or 
any other of a number of factors, but in any event it represents 
an alteration in cholesterol metabolism occurring relatively soon 
after the initiation of cholesterol feeding. 

Earlier work on the renewal rates of cholesterol esters sug- 
gested that these processes were compartmentalized and could 
not be accounted for by a single system operating simultane- 
ously on all fatty acids (8). The individuality of these esters is 
further emphasized by the findings presented here, both by the 
pattern of their accumulation and by their specific activities at 
various time intervals. With respect to the former, the chang- 
ing composition during a time of constant dietary fat composi- 
tion reaffirms the concept that the esterification products are not 
the result of a simple equilibrium. Differences in the capacities 
of these systems can be noted when cholesterol is fed, viz. the 


Taste IV 


Specific activity of liver cholesterol esters after feeding labeled cholesterol 


Specific activity of cholesterol in esters 


Days 
0.5 1.0 3.0 7.0 
Ester: | | 
Saturated . | 0 | 9.99 0.35) | 34.05 (.78) | 32.14 (0.66) 45.28 (1.99) 
Oleate o | 8.15 (0.44) | 22.41 (1.26) | 36.44 (0.93) 47.54 (1.15) 
Linoleate 0 | 10.50 (0.53) «26.95 (2.41) | 45.44 (3.57) | 55.49 (1.66) 
Arachidonate 0 19.00 (0.90) | 14.70 (3.00) | t | t 
| | | | | 
Probability of homogeneity,} | > > 0.01 <0.01 <0.01 


<0.01 


* Standard error of the mean. 


t Amount of ester available too small for specific activity measurements. 


t Caleulated from a one-way analysis of variance. 
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seemingly unlimited capacity of the cholesterol oleate pool to ex- 
pand versus the limited or nonexistent ability of the other ester 
pools to do so. 

Differences in the rates of renewal are also apparent in the 
specific activities of the cholesterol of these esters. Further- 
more, the relative rates of incorporation change during the 
course of cholesterol feeding but in a manner unrelated to the 
size of the ester pools. Thus, it might be expected that the 
highest rate of incorporation would take place in the cholesterol 
oleate fraction, yet at 7 days the highest specific activity is found 
in cholesterol linoleate, a fraction which had reached its maxi- 
mum size 4 days earlier. 

Taken as a group, these data though not explanatory of, are 
indicative of a previously unsuspected complexity in the proc- 
esses of cholesterol metabolism. The use of cholesterol feeding 
to induce these short-term transients may, however, enable the 
study of certain aspects of these processes not heretofore possi- 
ble. 


SUMMARY 


1. Tritiated cholesterol was fed at hourly intervals to rats for 
periods of 0.5, 1.0, 3.0, or 7.0 days. Analysis of the content and 
specific activities of liver free and ester cholesterol revealed the 
presence of several unsuspected processes in cholesterol metabo- 
lism. 

2. At the end of the first 12 hours, the specific activity of liver 
free cholesterol is higher than that of the esters. At subsequent 
time periods, its activity appears to fluctuate above and below 
that of the esters. 

3. The increase in liver ester cholesterol at early time periods 
s composed to a large extent of endogenously synthesized cho- 
esterol. The endogenous contribution to this increase reaches 
its maximum by the third day and thereafter declines. 
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4. The individual ester pools display differing abilities to ex. 
pand in response to the influx of cholesterol. 

5. The rates of incorporation of dietary cholesterol into these 
esters are heterogenous, although in a different fashion from 
those of endogenously synthesized cholesterol. 
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Previous work performed in this laboratory indicated an ex- 
tensive metabolism of deoxycholic acid-24-C™ in rats with ligated 
bile ducts (1). This work confirmed and extended the observa- 
tion made by Bergstrém and coworkers (2) that cholic acid was 
the principal metabolite of deoxycholic acid in the rat. In 
addition to radioactive cholic acid, a small amount of radioac- 
tivity was observed in subsequent chromatographic fractions, 
indicating the presence of a metabolite of deoxycholic acid more 
hydrophilic than cholic acid. 

To obtain isolable quantities of this material we have continued 


- our studies of the metabolism of deoxycholic acid-24-C™ in the 


surgically jaundiced rat. After feeding large amounts of the 
labeled acid to such animals, a new radioactive acid, more hy- 
drophilic than cholic acid, was isolated. 


EXPERIMENTAL! 


Preliminary Experiments—The radioactive chromatographic 
residues which had been eluted with benzene in previous experi- 
ments with deoxycholic acid-24-C™ (1) were combined and 
acetylated in a mixture of pyridine and acetic anhydride at room 
temperature for 24 hours. The reaction mixture was heated 
with S ml of 50% aqueous acetic acid on a water bath for 1 hour 
to hydrolyze anhydrides. After cooling, the product was ex- 
tracted with ether and chromatographed in the aqueous acetic 
acid partition system (3, 4). Three principal radioactive frac- 
tions (0-1, 20-1, and 40-1) were observed.’ Alkaline hydrolysis 
of the combined residues from these fractions and chroma- 
tography of the product again showed the presence of radioactive 
material more hydrophilic than cholic acid. Furthermore, the 
radioactive fractions failed to give the characteristic furfural- 


* A preliminary report of the studies contained in this paper 
was presented at the meeting of the Federation of American So- 
cieties for Experimental Biology at Philadelphia, Pennsylvania, 
April, 1958. 

' All melting point determinations were taken on the Fisher- 
Johns apparatus and are reported as read. Specific rotations were 
taken ina l-dm tube. Infrared spectra were determined in Nujol 
with a Perkin-Elmer spectrometer, model 21, with rock salt optics. 

* The designations of the fractions have been abbreviated ac- 
cording to the per cent of benzene in Skellysolve B, e.g. 40-1 is 
the first fraction of the eluate containing 40°) benzene in Skelly- 
solve B. 

*In subsequent experiments, the radioactive material eluted 
in Fraction 0-1 was found to be neutral whereas Fractions 20-1 
and 40-1 were acidic. Longer hydrolysis with 50% aqueous acetic 
acid reduced the amount of neutral material. 


sulfuric acid colorimetric test for cholic acid (5). These ob- 
servations substantiated our tentative conclusion that another 
radioactive acid not identical with cholic acid had been formed 
during the metabolism of deoxycholic acid. 

New Studies on Metabolism of Deorycholic Acid—Eleven adult 
male rats of the St. Louis University colony weighing between 
360 and 475 g were surgically jaundiced by doubly ligating and 
severing the bile duct. On the 4th postoperative day each 
animal was given by stomach tube approximately 40 mg (specific 
activity 1.28 « 10‘ d.p.m. per mg) of carboxyl-labeled deoxy- 
cholie acid‘ as the sodium salt in 2 ml of water. The administra- 
tions were continued for 6 consecutive days. The feces and 
urine were collected at 24-hour intervals during the period of 
administration and for 72 hours after the last administration. 
The combined feces contained less than 7° of the administered 
C™. An aliquot of each collection of urine was analyzed for C™ 
as previously described (1). Fig. 1 shows the daily excretion of 
C™ in the urine; the total recovery in urine was 77%. The 
combined urine was concentrated, acidified to pH 1, and ex- 
tracted with butanol. The butanol soluble residue was sub- 
jected to alkaline hydrolysis and the mixed free acids were ob- 
tained by acidification and extraction with ether. This fraction 
amounted to 6.3 g and contained 66°% of the urinary radioac- 
tivity. The aqueous phase remaining after ether extraction re- 
tained 30°, of the C™’ as water soluble material. Fig. 2 shows 
the results of analysis by partition chromatography of the free 
acids in the aqueous acetic acid and benzene-Skellysolve B 
system. Approximately 6% of the C™ was eluted in the deoxy- 
cholic acid fraction (Fractions 20-3, 20-4, 40-1, and 40-2), 73% 
in the cholic acid fractions (Fractions 80-1 through 80-7), and 
12°; in the fractions more hydrophilic than cholic acid (Fractions 
80-8 through 100-6). A crystalline acid was isolated from frac- 
tions more hydrophilic than cholic acid by procedures given in a 
subsequent section. 

To obtain more of this crystalline bile acid, the experiment 
was repeated with deoxycholic acid having a specific activity of 
9.47 «x 10 d.p.m. per mg. The essential data from this experi- 
ment are: radioactivity was not detected in the expired air; 77% 
of the administered C™ was excreted in urine; 78% of the urinary 
C™ was obtained in the free acid fraction; after chromatography 


* For a report of the preparation of the labeled acid, see Maho- 
wald et al. (1). The labeled acid was diluted with unlabeled de- 
oxycholie acid and crystallized several times to insure homogene- 
ity. 
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Fic. 1. Administration (open bars) and average recovery (solid 
bars) of C'* in the urine of surgically jaundiced rats. The data 
are expressed as d.p.m. per rat per day. Eight of the eleven ani- 
mals survived the entire experimental period. In the event of 
the death of an animal, its contribution to the average data ter- 
minated at the end of the last full 24-hour period. 
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Fic. 2. Chromatographic analysis of the free bile acids obtained 
from the urine of surgically jaundiced rats given deoxycholic 
acid-24-C™. The heights of the open bars from the base line to 
the top indicate the total eluted solids in mg per liter of eluting 
solvent. The heights of the solid bars indicate those parts of the 
solid which constitute radioactive material as calculated from the 
C'* eluted and the specific activity of the administered acid. The 
fractions eluted with both 80 and 100°) benzene were collected in 
ten portions. The volume of eluate is given in liters, and the 
composition of eluate is given as per cent of benzene in Skellysolve 


8% of this C“ was found in the deoxycholic acid zone, 72% in 
the cholic acid zone, and 13% in the zone more hydrophilic than 
cholic acid. 

Purification of the unmetabolized deoxycholic acid was accom- 
plished by acetylation with a mixture of acetic anhydride and 
pyridine, chromatography of the product, hydrolysis of the 
acetate, and chromatography of the free acid. Crystallization 
of the residues from Fractions 20-4 and 40-1 gave 53 mg of deoxy- 
cholic acid (m.p. 172-174°, authentic sample, 172-173°, mixed 
m.p., 171-173°). The specific activity of the recovered deoxy- 
cholic acid was essentially the same as that of the administered 
acid (9.39 « 10° and 9.47 x 10° d.p.m. per mg, respectively). 

The amount of deoxycholic acid present in the mother liquors 
from the crystalline material was determined by isotopic dilution. 
An aliquot of the combined mother liquors was added to 120.5 
mg of unlabeled deoxycholic acid. The mixture was chromato- 
graphed and crystallized to a constant specific activity. The 
amount of deoxycholic acid present was calculated as previously 
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described (6). In this manner, 70°; of the C™ in the mother 
liquors was identified as deoxycholic acid. 

The cholic acid fractions contained 72°, of the chromato. 
graphed C“. Methylation of the residues from these fractions 
with diazomethane and chromatography of the product gave 127 
mg of crystalline methyl! cholate (m.p., 153-155°, authentic 
sample, 154-155°, mixed m.p., 153-155°). Hydrolysis of the 
mother liquor from the crystalline methyl cholate with 5% 
methanolic potassium hydroxide and further purification of the 
product by chromatography gave an additional 508 mg of pure 
crystalline cholic acid (m.p., 202-204°, authentic sample, 201- 
202°, mixed m.p., 201-203°). The specific activities of cholic 
acid and of methyl! cholate were 6.22 « 10 and 6.08 « 10 d.p.m. 
per mg, respectively. On a molar basis the activities of cholic 
acid and methyl cholate, 1.14 and 1.16 we /mole, were appreciably 
less than that of the recovered deoxycholic acid (1.66 ye /mole), 
providing additional evidence that cholic acid is a normal con- 
stituent of jaundiced rat urine. By isotopic dilution the amount 
of cholic acid in the combined mother liquors amounted to 87% 
of the radioactivity present. 

Of the chromatographed C™, 13°) was eluted later than cholie 
acid. The combined residues from these fractions were acety- 
lated in a mixture of 2 ml of pyridine and 2 ml of acetic anhydride 
at room temperature for 24 hours. Approximately 8 ml of 50% 
aqueous acetic acid were then added and the mixture heated on 
a water bath for 3 hours. The mixture was allowed to cool and 
was extracted with ether. Chromatography of the ether soluble 
residue in the aqueous acetic acid partition system gave the re- 
sults shown in Fig. 3. 

Alkaline hydrolysis of the separate residues in Fractions 0-4, 
20-1 and the combined residues from 40-1 through 40-4, and 
chromatography of the product in each case gave the new acid 
in Fractions 100-2, 100-3, and 100-4 as a colorless oil. Slow 
crystallization of the oil from a mixture of acetone and petroleum 
ether yielded small needles (m.p., 134-136°; [a]? +33°; c, 0.450; 
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Fic. 3. Chromatographic analysis of the product of acetylation | 


of the combined residues containing the new acid. The heights 
of the bars, the volume of the eluate and the composition of the 
eluate (percentage of benzene) are as described for Fig. 2, except 
that total eluted solids are indicated rather than mg of solid per 
liter of eluting solvent. 
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Taste 
Quantitative oxidation of bile acids 


Atoms of 
Bile acid | et 
| acid 
meg meq 
Hyodeoxycholic 5.648 0.0144 | 0.061 | 2.12 
Deoxycholic. . 5.046 0.0129 0.056 2.17 
Cholie 5.368 0.0131 0.081 3.09 
New metabolite _.. 5.784 | 0.0142 | 0.088 3.10 
Acid I....... 5.480 | 0.0134 | 0.104 3.88t 


= These data are average values for two determinations except 
in the case of the new acid where only one determination was 
made. 

+t Acid I (Ga,68,78-trihydroxycholanic acid) being a glycol is 
oxidized to the bilianie acid and requires four atoms of oxygen 
per mole of bile acid. 


95°; ethanol; ve.. = 3356 (OH), 1701 (CO,H)). The acid was 
later obtained from a mixture of chloroform and petroleum ether 
as transparent crystals exhibiting a double melting point at 143° 
and 221-222°. Microanalyses of different preparations of the 
new acid gave carbon and hydrogen values intermediate between 
those calculated for tri- and tetrahydroxycholanic acid. 

Since these analyses did not give a clear indication of the 
number of oxygen atoms in the molecule, other means of charac- 
terization were undertaken. That the molecule might contain 
three nuclear atoms of oxygen was indicated by the chromato- 
graphic behavior, but on the other hand, the complex structure 
of the sulfuric acid absorption curve (5 maxima, 320, 365, 400, 
420, and 500 my) (7) was more consistent with a tetrahydroxy 
compound. 

Quantitative Oxidation with Chromic Anhydride’—The proce- 
dure was similar to that used for quantitative oxidation with 
periodie acid (9). The oxidizing reagent, chromic anhydride in 
9°; aqueous acetic acid, was prepared by dissolving 1.1787 g 
of chromic anhydride in 25 ml of water and diluting to 250 ml 
with glacial acetic acid. This solution was standardized against 
0.5758 ~ arsenite solution (10). Samples of bile acid were dis- 
solved in 1 ml of acetic acid, mixed with 1 ml of the oxidizing 
reagent and allowed to stand at room temperature for 2 hours. 
The standard arsenite solution, 5 ml, was then added and 10 N 
sodium hydroxide was used to adjust the pH to approximately 8. 
The mixture was allowed to stand at room temperature for 30 
minutes before the addition of 8 drops of 20°; potassium iodide 
and titration with a standardized solution of iodine. A blank 
was run with each sample of bile acid and the difference between 
the blank and sample of bile acid was used to calculate 
the amount of oxygen consumed. In an experiment with cholic 
acid, it was found that the oxidation was complete in 1 hour 
with no further change after 4 hours. 

For comparison, hvodeoxycholie acid, deoxycholic acid, cholic 
acid, Acid I (9) and the new metabolite were oxidized in the 
manner described above. Approximately 5 mg of each acid were 
oxidized with chromic anhydride solution for 2 hours. The 


‘Subsequent to the development of this method for the deter- 
mination of secondary alcohols, a paper by Grimmer (8) came to 
our attention. In his procedure, hydroxyl groups were measured 
by the decrease in absorbance of CrO, at 350 mu. 
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consumption of oxygen was determined and the results expressed 
in terms of atoms of oxygen consumed per mole of bile acid. The 
data shown in Table | clearly indicate the presence of three 
hydroxy! groups in the new acid. 

This oxidation product was extracted with ether, chromato- 
graphed, and crystallized from a mixture of acetone and water. 
Two crystalline products were obtained, m.p., 201-202° and m.p., 
229-230°; mixed m.p., 207-210°. Infrared analysis showed that 
the two products were different. Elemental analysis of the 
higher melting product (229-230°) gave the following data. 


Calculated: C 71.61, H 8.51 
Found: C 71.92, H 8.45 


Esters of Metabolite—The methy] ester triacetate of the new 
acid was later prepared and obtained in crystalline form. The 
acid was methylated with diazomethane and the product heated 
on a water bath for 2 hours in a mixture of pyridine and acetic 
anhydride. After standing overnight at room temperature, the 
mixture was diluted with water and the product extracted with 
ether. After chromatography, the derivative crystallized from a 
mixture of methanol and water as long white needles (m.p., 147- 
148°; +90.9° + 8°; 0.242, methanol). 


Cu 


Calculated: C 67.86, H 8.82 
Found: C 67.40, H 9.18 


On a molar basis, the specific activities of the oxidized acid 
(1.67 we/mole) and of its methylated and acetylated derivative 
(1.66 we/mole) were the same as those of the administered (1.67 
pe/mole) and recovered deoxycholic acid (1.66 uc/mole). 

The new acid described in this paper was subsequently charac- 
terized as 3a ,68,12a-trihydroxycholanic acid and prepared by 
partial synthesis (13). By isotopic dilution the synthetic acid 
was used to determine the amount of radioactive acid in the 
combined mother liquors obtained during the crystallization of 
the natural product. The isotopically diluted sample was 
methylated and acetylated as described above and crystallized 
to constant specific activity. The amount of acid calculated to 
be present in the combined mother liquors corresponded to 90% 
of the total radioactivity of those fractions. 


DISCUSSION 


The chromatographic fractions containing deoxycholic acid, 
cholic acid, and the new acid accounted for 95% of the chromato- 
graphed radioactivity. All three acids were obtained in erystal- 
line form, and the determination of the specific activities showed 
that of these acids only cholic acid is a normal constituent of 
jaundiced rat urine. Isotopic dilution studies on the combined 
mother liquors from each crystalline acid showed that essentially 
only three radioactive acids were present in ether-extractable 
form after hydrolysis. 

It was observed previously (1) that the amount of cholie acid 
isolated from rat urine under conditions of bile duct ligation was 
small compared with that observed in the bile of animals with 


* The partial synthesis of 3a,68,12a-trihydroxycholanic acid 
will be described in a subsequent paper. Takeda and Igarashi 
(11) and Haselwood (12) have reported the preparation of the 
isomeric acid. 
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cannulated bile ducts. Upon the administration of 40 mg of 
deoxycholic acid per day to the duct ligated animals a 20-fold 
increase in the amount of cholic acid in the urine was observed. 
This increase was due to the formation of cholic acid from deoxy- 
cholic acid. Furthermore, the amount of deoxycholic acid ad- 
ministered in these experiments did not seriously exceed the 
metabolic capacity of the experimental animals, since only 8% 
of the chromatographed radioactivity was unmetabolized deoxy- 
cholic acid. 

Chemical studies on the newly isolated acid showed it to be 
different from bile acids recently isolated in these laboratories. 
The new acid was distinguished from the 3a ,6,7-trihydroxy- 
cholanic acids by the consumption of only three atoms of oxygen 
in the quantitative oxidation with chromic anhydride. The new 
acid was distinguished from cholic acid by several procedures 
including the preparation of three crystalline derivatives. Fur- 
thermore, separation of the triketocholanic acids obtained by 
oxidation of a mixture of the metabolite and cholic acid showed 
that oxidation of the metabolite did not give 3,7 , 12-triketocho- 
lanic acid. 

Microbiological transformation of C-labeled deoxycholic acid 
into the 3a,68,12a-trihydroxycholanic acid cannot be com- 
pletely excluded, but 68-hydroxy derivatives have been pre- 
viously obtained in these laboratories after the intragastric 
administration of either chenodeoxycholic acid (1), hyodeoxy- 
cholic acid (14), or 7-ketolithocholic acid (15) to rats with bile 
fistulas or ligated bile ducts. After exposure of deoxycholic acid 
to microbial action by injection of this acid into the cecum of 
bile fistula rats, Norman and Sjévall (16) observed the forma- 
tion of unidentified products, one of which was more hydrophilic 
than cholic acid. Most of the isotope was recovered as cholic 
acid. 


SUMMARY 


After the administration of approximately 40 mg of deoxy- 
cholic acid-24-C™ per day to one group of surgically jaundiced 
rats, 77° of the C™ was recovered in the urine and less than 7°% 
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in the feces. Of the chromatographed C“, 72° was eluted ip 
the cholic acid zone, 8° in the deoxycholic acid zone, and 13% 
in a zone more hydrophilic than cholic acid. A new acid, 3a ,68, 
12a-trihydroxycholanic acid, was isolated from the latter zone 
and was found to have been formed entirely from the adminis. 
tered deoxycholic acid. 
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Several studies (2-6) of the hydrolysis of proteins by proteo- 
lytic enzymes have led to the suggestion that only denatured 
forms of the substrate are acted on; and that where an equilib- 
rium between native (N) and denatured (D) forms, N = D, is 
not spontaneous, the initial action of a protease may be a non- 
hydrolytic denaturation of native substrate. 

Green and Neurath (7) have suggested that native as well as 
denatured proteins can serve as protease substrates, a view also 
held by Chernikov (8). A simplified version of the scheme pro- 
posed by Green and Neurath to depict these ideas is shown be- 
low, 

D — Products 

N’ — D’ — Products 
where N and D refer to native and denatured protein. N’ des- 
ignates the product of limited proteolysis of N; and D’, its de- 
natured form, is considered like D, to be susceptible to extensive 
proteolytic action. The N = D and N’ = D’ conversions may 
be either spontaneous or induced by environmental conditions. 

The significance of this scheme is that all the postulated path- 
ways are multistage processes, any one of which may be rate 
limiting. Insofar as pH may affect the various steps unequally, 
it would appear that the optimum pH for the action of a pro- 
tease may be in essence an apparent one. 

It is conceivable that for substrates where the N = D step is 
rate limiting, the use of denatured substrates would result in a 
shift in the optimum pH of proteolysis. This is particularly 
relevant to the proteolytic action of pepsin, generally accepted 
to be optimal in the range of pH 1.5 to 2.2 (7, 9, 10), a pH where 
most proteins may be presumed to be in a denatured state. For 
this reason, a re-evaluation of the apparent optimum pH for the 
proteolytic action of pepsin on native and denatured substrates 
was undertaken. 

Christensen (6) has shown that the optimum pH for the ac- 
tion of pepsin on native ovalbumin was pH 1.0, for the heat de- 
natured substrate it was pH 1.5, and for the urea-denatured 
substrate, pH 1.8. Optimal activity against hemoglobin was 
found at about pH 1.5 to 2.0, but the effects of denaturation 


“* A preliminary report of some of these studies has been pre- 
sented (1). 

The investigation was supported by grants (C-2585, A-2799) 
from the National Institutes of Health, United States Public 
Health Service. 


conditions other than those achieved by the pH values used to 
estimate optimal pH were not investigated. With casein too, 
where a broad maximum was observed in the pH-activity curve, 
other denaturation conditions were not studied. Sri Ram and 
Maurer (11) reported changes in hydrolysis rates but no signifi- 
cant change in pH optimum (pH 2.0) for the action of pepsin 
on heat-treated, acetylated, guanidinated, and deaminated bo- 
vine serum albumin. 

In the present study bovine serum albumin and hemoglobin 
were used. These proteins are known to undergo configura- 
tional alterations readily in the presence of hydrogen ions, hy- 
droxyl ions, and hydrogen bond-breaking agents like urea 
(12-18). It was felt that these properties would make them 
useful as model substances to establish a dependence of the ap- 
parent pH optimum of the action of pepsin upon the secondary 
and tertiary structural properties of proteins. 

Pepsin activity on these proteins after their denaturation with 
urea (5.4 m), HCl (pH 0.8, 1.0), NaOH (pH 12.5), or combina- 
tions of these treatments, was found to be optimal at about pH 
3.5. In some cases considerable activity was manifest even at 
pH 5. Pepsin activity on “native’! substrates was optimal at 
pH 1.7 to 2.0. 

The relation of these observations to the structural changes 
which these proteins are known to undergo and to the action of 
pepsin on synthetic substrates is discussed. 


EXPERIMENTAL 


Materials and Methods 


Pepsin-—Pepsin, three times crystallized, prepared by ethanol 
fractionation according to Northrop (19), was obtained from 
Pentex Company, Ine. (Lot No. D 3709, C 3706). 

Stock solutions containing 400 ug per ml in 0.005 Mm acetate 
buffer, pH 4.0, were found to be stable for at least 4 days when 
stored in the cold (about 5°). The pH range for optimal sta- 
bility of pepsin is reported to be between pH 4 to 5 (7, 20, 21). 
Dilutions of the stock solution with water (usually 1:10) were 
prepared just before use. 

Bovine Serum Albumin—Crystalline bovine serum albumin 
was obtained from Pentex Company, Inc. (Lot No. 12016P). 


! The term ‘‘native’’ is used simply to designate proteins, which 
before their use in pH-activity studies, were not subjected to 
treatments specifically designed to denature them. It is recog- 
nized that at low pH values even the ‘‘native’’ protein is no longer 
truly native. 
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Inasmuch as the conditions and extent of denaturation of the 
protein may influence its behavior as a substrate for pepsin, the 
preparation of each type of BSA? substrate is described. 

“Native”-BSA—Solutions of BSA (1%) in water were pre- 
pared at room temperature (pH 5.1) and stored in the cold. 

HC!-BSA—BSA (1.1%) in water was adjusted with 10 n HCl 
to pH 0.8. After 10 minutes portions of this solution were ad- 
justed to pH values as required in the pH-activity studies, di- 
luted with water to give a 1% solution of BSA, and used imme- 
diately. 

NaOH-BSA—This substrate was prepared in an analogous 
manner to HCI-BSA. However, the pH was adjusted to about 
pH 12 with 10 n NaOH, and after 15 minutes at that pH, the 
solutions were adjusted to the desired pH values and used imme- 
diately. 

Urea-BSA—Solutions of BSA (1%) in urea (5.4 M) were pre- 
pared at room temperature, pH 6.1, and stored in the cold. 

HCl Urea-BSA—Solutions of BSA (2.5%) in water were first 
adjusted to pH 0.8 with HCl. After 10 minutes, urea was 
added, the pH adjusted to 6.3, and the solution diluted with 
water to give a 1% BSA solution in 5.4 m urea. It was stored 
in the cold before use. 

NaOH Urea-BSA—This substrate was prepared as described 
for HCl urea-BSA except that the primary adjustment was 
made with NaOH to about pH 12.5. The pH of the final solu- 
tion was pH 6.6. 

Except for HCI-BSA and NaOQH-BSA, all BSA substrates 
were stored in the cold for 24 hours before use. 

Hemoglobin—All hemoglobin substrates were prepared from a 
stock solution (approximately 5% Hb, dialyzed 16 to 24 hours, 
and centrifuged) made from bovine hemoglobin substrate pow- 
der (Pentex Company, Inc., Lot No. 1709). 

“Native”-Hb—A solution of Hb (2.2%) in water, pH 6.9, was 
prepared by dilution of the stock solution. 

HCl-Hb—A 2.2% solution of Hb in water was adjusted with 
HCl to pH 1.0 and allowed to stand at room temperature for 
1 to 2 hours. Portions of the solution were then adjusted to the 
desired pH values and used immediately. 

Urea-Hb—A solution of 2.2% Hb in 5.4 m urea, pH 7.2, was 
prepared by the appropriate addition of urea and water to the 
stock solution. 

HCl Urea-Hb—A stock solution was adjusted with HCl] to 
pH 1.0. It was allowed to stand for 10 minutes, urea was 
added, and it stood for another 30 minutes at room temperature, 
after which it was adjusted with NaOH to pH 5.9 and diluted. 
The final concentrations were 2.2% Hb and 5.4 m urea. 

NaOH Urea-Hb—Except for initial adjustment of the pH of 
the stock solution to about pH 12.5 instead of pH 1.0, this sub- 
strate was prepared in the same way as HCl urea-Hb. 

Like the BSA substrates, all Hb substrates except HCl-Hb 
were stored in the cold for 24 hours before use. 

Determination of Proteolytic Activity—Enzyme-substrate di- 
gestion mixtures were deproteinized with trichloroacetic acid. 
The digestion products in the trichloroacetic acid filtrates were 
analyzed by a modification’ of the colorimetric procedure with 


? The abbreviations used are: BSA, bovine serum albumin; Hb, 
bovine erythrocyte hemoglobin. Denatured substrates are desig- 
nated by the treatments used for denaturation, e.g. HCl urea- 
BSA, BSA denatured by sequential treatment with acid at low pH 
followed by urea. 

* Color development was carried out at pH 10 (8-alanine buffer). 
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Folin’s phenol reagent (22). Optical densities were measured 
in the Klett photoelectric colorimeter (660 my filter) against 
controls in which the enzyme was omitted from the reaction 
mixture. In some experiments, the optical density of the tri- 
chloroacetic acid filtrates at 278 my (Beckman model DU 
spectrophotometer) was used to measure the extent of pro- 
teolysis. Results obtained by the two methods paralleled each 
other. 

In a typical analysis, 2 ml of substrate solution (1% BSA, or 
2.2% Hb) were adjusted to the desired pH with HCl or NaOH. 
Buffer (0.50 ml of 0.05 m glycine buffer for pH 1.0 to 3.5, or 0.50 
ml of 0.05 m acetate buffer for pH 4.0 to 5.5) and water were 
added and finally, after equilibration at 37°, the enzyme was 
added. These reaction mixtures (3.0 ml) were incubated at 37° 
for 10 minutes (except when time studies were done). Five 
milliliters of 5% trichloroacetic acid were added to stop the re- 
action and to deproteinize the solutions. For all cases where 
“native” and urea-treated substrates were compared, depro- 
teinization of the “native’’-protein mixtures was done with 
trichloroacetic acid solutions which contained urea (2.16 mM) so 
that the final concentration of urea in the deproteinization 
mixtures from both “native” and urea-treated substrates was 
the same (1.35 m). After standing for 10 minutes at 37° the 
mixtures were filtered through Whatman No. 3 paper (once 
for Hb, three times for BSA). Portions of 2 ml of the clear fil- 
trate were then analyzed by the aforementioned methods. 


RESULTS 


Action of Pepsin on“ Native”-BSA and “Native’’-Hb—The opti- 
mum pH for the action of pepsin on “Native’’-BSA was found 
to be about pH 1.7 (Fig. 1), whether deproteinization of the re- 
action mixtures was carried out with aqueous trichloroacetic acid 
or with trichloroacetic acid-containing urea. However in the 
presence of urea, the amount of cleaved products which appears 
in the protein-free filtrate is approximately 2.5 times as great as 
in the filtrates prepared in its absence. This is true at all the 
pH values, so that neither the shape of the curve nor the pH for 
optimal activity is appreciably affected. This relationship is 
significant for it establishes that the shifts in optimal pH, to be 
described later for urea-treated substrates, cannot be ascribed to 
any change in the selection of cleaved products precipitated by 
trichloroacetic acid when urea is present. 

The possibility that the increased amounts of material in the 
urea-containing trichloroacetic acid filtrates could be the result 
of a failure of trichloroacetic acid in the presence of urea to ar- 
rest peptic activity was investigated in a series of control experi- 
ments. Reaction mixtures of BSA where pepsin was added im- 
mediately after the addition of trichloroacetic acid, and of 
partial digests of BSA where trichloroacetic acid was added after 
a 10-minute incubation with pepsin, were allowed to stand at 
37° and were analyzed at varying times up to half an hour after 
the addition of the trichloroacetic acid. In no case was there 
evidence of continued peptic activity. The explanation for the 
increased amounts of material in urea-containing trichloroacetic 
acid filtrates of the proteolytic digests appears then to be due to 
an increase in the solubility of the products of digestion in this 
medium. 

Fig. 1 shows further that at pH 3.5 “Native”’-BSA is hydro 
lyzed only about one-fourth as much as it is at the optimal pH 
(pH 1.7). At pH 4.0, this value falls to less than one-tenth and 
at still higher pH values, the activity is even less. These rela 
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ACTIVITY (KLETT READING) 


pH 


Fic. 1. Activity-pH curves for the action of pepsin on ‘‘Na- 
tive’’-bovine serum albumin. Lower curve (O——O), deprotein- 
ized with aqueous trichloroacetic acid (TCA); upper curve 
(X --- X), deproteinized with trichloroacetic acid in the pres- 
ence of 1.35 M urea. 


tionships are important for comparison with the curves for the 
denatured substrates, to be described later. 

Experiments analogous to the one just described for BSA were 
were carried out with “Native’-Hb. They established that hy- 
drolysis by pepsin is optimal at pH 2.0, that at pH 3.5 the activ- 
ity is only about 40% of maximal, and that at pH values of 4.0 
or higher this figure is 5% or less. These results are in fair 
agreement with those reported by Christensen (6). As in the 
case of BSA, it was found that although the amount of cleaved 
products which appear in the protein-free filtrate is enhanced 
(1.67-fold) by the presence of urea in the trichloroacetic acid 
mixture, neither the shape nor the optimum pH value of the pH- 
activity curve is appreciably effected, and as in the experi- 
ments with BSA, the possibility that pepsin activity on Hb con- 
tinued in trichloroacetic acid in the presence of urea was ruled 
out. 

Action of Pepsin on NaOH-BSA and HCI-BSA—The pH-ac- 
tivity curves obtained with these two substrates are compared 
in Fig. 2 with the curve obtained for “‘Native’’-BSA, under like 
conditions of deproteinization (aqueous trichloroacetic acid). It 
is seen that although pretreatment of BSA with NaOH enhances 
the susceptibility of the protein to the action of pepsin, the posi- 
tion of optimal pH and the general character of the pH-activity 
is largely uneffected. This is not so in the case of HCI-BSA, 
where in contrast with its action on “‘Native’’-BSA, the action 
of pepsin is characterized by a very broad range of activity, with 
& maximum at about pH 3. At pH 4.5, where the “Native” 
substrate is scarcely degraded under the experimental conditions 
used, the action on HCI-BSA is still approximately 65% of its 
peak value. 

Action of Pepsin on Urea-BSA, NaOH Urea-BSA, and HCl 
Urea-BSA—Fig. 3 shows the pH-activity curves obtained with 
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Fig. 2. Activity-pH curves for the action of pepsin on bovine 
serum albumin. ‘‘Native’’-BSA (xX ---X); acid-denatured 
BSA (O——O); alkali-denatured BSA (@——-@). 


8 yg. PEPSIN/3cc. INCUBATION MIXTURE 


ACTIVITY (KLETT READING) 
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100- 
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Fie. 3. Activity-pH curves for the action of pepsin on bovine 
serum albumin. ‘“‘Native’’-BSA (xX ---X<); BSA denatured 
with urea (O-——O); BSA denatured with acid and urea 
(@——@); BSA denatured with alkali and urea (A——A). 
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Fic. 4. Activity-pH curves for the action of pepsin on hemo- 
globin. ‘‘Native’’-Hb (X ---X); Hb denatured with acid 


(@——-@); Hb denatured with urea (O——O); Hb denatured 
with acid and urea (A——A); Hb denatured with alkali and 
urea (O——D). 


these urea-denatured substrates compared with the curve for 
“Native”-BSA. In these experiments, all deproteinizations with 
trichloroacetic acid were carried out in the presence of urea (1.35 
M final concentration). In contrast with the “Native” substrate 
the maximal activity against all the denatured ones was at about 
pH 3.5 and was, in addition, almost as great or greater than that 
of the “Native” substrate at its optimal pH (pH 1.7). At pH 
4.0, where “Native’-BSA was almost uneffected, pepsin showed 
50 to 80% of maximal activity against the denatured substrates. 

The possible significance of the diminished activity against the 
denatured substrates at around pH 1.5, and of the presence of a 
shoulder on the acid side of the curves is discussed later. Both 
the shift in apparent optimal pH and the shoulder on the curves, 
as found by the use of the colorimetric method, were confirmed 
by analysis of trichloroacetic acid filtrates in the spectrophotom- 
eter at 278 muy. 

Urea-BSA from which the urea had been dialyzed out was in- 
distinguishable from “‘Native”-BSA at both pH 1.5 and 3.5, as 
far as digestion with pepsin was concerned. 

Action of Pepsin on HCl-Hb, Urea-Hb, NaOH Urea-Hb, and 
HCl Urea-Hb—The pH-activity curves for the action of pepsin 
on the above substrates and on “Native’-Hb are compared in 
Fig. 4. Deproteinization of the reaction mixtures of urea-con- 
taining substrates was carried out with aqueous trichloroacetic 
acid. For the “Native” and HCl-Hb substrates trichloroacetic 
acid solutions containing urea were used, so that the final tri- 
chloroacetic acid and urea concentrations achieved (3.1% and 
1.35 M, respectively) were the same for all cases. 

The curve for HCl-Hb does not differ greatly from that of 
“Native”-Hb, and the optimal pH with both substrates is at 
about pH 2.0. The curve for urea-Hb, on the other hand, shows 
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activity over a broader pH range, with considerable activity at 
pH 3.5, and a dip at about pH 2.5. This dip was reproducible 
and showed up when 2 or 3 wg of pepsin were used, but was ob- 
secured when 6 wg were used. 

The greatest changes in the nature of the curves appear when 
NaOH urea-Hb and HC! urea-Hb are used as substrates. With 
these, a broad range of high activity from pH 1.5 to 4.5 is ob- 
tained, with an apparent optimum pH at about pH 3.5. About 
50% of maximal activity is shown even at pH 5.5 where the ac- 
tion of pepsin on “Native’’-Hb is almost undetectable. 

Effect of Pepsin Concentration and Time of Reaction on Hy- 
drolysis of “Native” and Denatured BSA and Hb—The purpose 
of these experiments was to determine whether the shift in opti- 
mal pH shown in the pH-activity curves for denatured substrates 
was unique for the particular combination of enzyme concentra- 
tion and incubation period (10 minutes) used, or whether they 
applied over broader ranges of concentration and time (7.e. ex- 
tent of protein breakdown). Toward this end the activity-pepsin 
concentration and activity time of incubation relationships were 
established for each of the BSA substrates and for most of the 
Hb substrates. 

Representative examples of such studies are the results ob- 
tained with “Native’’-BSA and urea-BSA, shown in Figs. 5 and 
6. Over the ranges tested, these concentration and time studies 
show the same relationships observed in the pH-activity curves. 
Thus, the relative susceptibility of these substrates to peptic ac- 
tion is: urea-BSA, pH 3.5 > “Native’-BSA, pH 1.5 > urea- 
BSA, pH 1.5 > “Native’-BSA, pH 3.5. Furthermore these 
studies show that the conditions selected for the pH-activity 
curves (8 ug of pepsin, 10 minutes incubation time for BSA sub- 
strates) are on the linear or near linear portions of the concentra- 
tion and time curves. Analogous studies with the other BSA 
and Hb substrates showed that for these too the pH-activity 
curves (Figs. 2 to 4) had been obtained under conditions which 
were on the linear or near linear portions of their respective en- 
zyme concentration and time curves. 

It appears then that the relationships of activity at pH 1.5 
and pH 3.5 seen in the pH-activity curves for the various “Na- 
tive” and denatured substrates are not confined to a single en- 
zyme concentration or incubation time. 

Effect of Trichloroacetic Acid Concentration on Apparent Ac- 
tivity of Pepsin on BSA and Hb—Al\though size and composition 
appear to be among them, the factors which govern the precipi- 
tation of proteins and protein cleaved-products by trichloroacetic 
acid (23, 24), are not all known. A study was therefore made 
to determine whether the activity-pH relationships already es- 
tablished from analysis of trichloroacetic acid filtrates prepared 
by deproteinization with trichloroacetic acid at a final concen- 
tration of 3.1% would apply as well to filtrates obtained with 
other concentrations of trichloroacetic acid. 

“Native” and urea-treated BSA and Hb, acted on for 10 min- 
utes by pepsin at pH 1.5 and pH 3.5, were precipitated by tn- 
chloroacetic acid (5 ml) of such concentrations that the final 
levels achieved were 2.0, 3.1, 6.2, and 10%. Trichloroacetic acid 
solutions used for deproteinization of the “Native” substrates 
contained urea to make them comparable with the urea-sub- 

strate systems. The results of such a study (Fig. 7) show that 
the relationships of ““Native’’- and urea-BSA at pH 1.5 and 3.5, 
seen in the pH-activity curves (Figs. 3, 5 and 6), apply over a 
wide range of trichloroacetic acid concentrations. At the 2% 
level of trichloroacetic acid, where the slope of the curves is very 
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ACTIVITY (KLETT READING) 
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PEPSIN (yg./3cc. INCUBATION MIXTURE 


Fic. 5. The effect of enzyme concentration on the action of 
pepsin on bovine serum albumin. ‘‘Native’’-BSA, pH 1.5 
(O——O); “‘Native’’-BSA, pH 3.5 (@——@); BSA denatured 
with urea, pH 1.5 (A ---— A); BSA denatured with urea, pH 3.5 
(A--- A). 


steep the possibility of a cross-over between ‘“‘Native’’-BSA, pH 
1.5, and urea-BSA, pH 3.5, is not excluded. 

The shape of these trichloroacetic acid precipitation curves 
suggests a distribution in the size of products formed during 
peptic action. This, coupled with the observation of a lag in 
the early phases of the concentration and time curves (Figs. 5, 
6), and the marked difference in appearance of the precipitates 
of control BSA and BSA after only brief exposure to pepsin, all 
suggest that intermediates occur and perhaps accumulate dur- 
ing the peptic digestion of BSA. This aspect of the mechanism 
of peptic action will be the subject of a separate communication. 

A comparable study with “Native’-Hb and urea-Hb (not 
shown) indicated that for Hb, too, the relationships observed 
in the pH-activity curves (Fig. 4) are valid over a wide range 
(2 to 10%) of trichloroacetic acid concentrations used for de- 
proteinization. 

Influence of Urea and pH on Stability of Pepsin—Pepsin solu- 
tions were exposed for at least 10 minutes in media simulating 
actual experimental conditions (3.6 mM urea, pH 1.5 and 3.5, 37°) 
but in the absence of substrate. The activity of these pepsin solu- 
tions when tested against both “native” and urea-denatured 
substrates at pH 1.5 and 3.5 was found to be the same as that 
given by untreated pepsin solutions. This stability is also in- 
dicated by the activity-time response of the enzyme against BSA 
substrates (Fig. 6), where it is seen that activity continued in a 
linear fashion for at least 30 minutes. These results also indi- 
cate that the differences in the action of pepsin against “‘native” 
and denatured substrates (Figs. 2 to 6) is not attributable to an 
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irreversible alteration in the pH-activity characteristics of the 
enzyme. 

These results are in accord with results of studies on other prop- 
erties of pepsin, e.g. crystallization from solutions of 6 Mm acetam- 
ide (25), the constancy of its sedimentation constant in water or 
in strong urea solution (26), the constancy of its optical rotation 
over the range pH 1 to 6.5 (27), and the slow denaturing action 
of 3.6 M urea on pepsin at 37°, calculated from the work of Perl- 
mann (28). 

Action of Pepsin on “Native”-BSA and urea-BSA as Deter- 
mined by Analysis of Trichloroacetic Acid Precipitates—The dan- 
gers inherent in basing an interpretation of proteolysis on results 
obtained by use of a single analytical procedure are recognized. 
For example, it is conceivable that the distribution of tyrosine 
and tryptophan residues along the peptide chain of BSA and Hb 
might be grossly nonuniform, and that the native and denatured 
substrates might be cleaved by pepsin at different points along 
the chain. Under these circumstances, granting even that the 
particles screened by trichloroacetic acid are of uniform size, the 
tyrosine and tryptophan contents of trichloroacetic acid filtrates 
from partial peptic hydrolysates of the various substrates might 
differ widely, even if the number of bonds cleaved was the same. 
It is clear that results arising from such a set of circumstances 
could erroneously be interpreted as increased rates of peptic ac- 
tion and shifts in the optimal pH for peptic action. 

If the possibility considered above is true it should be revealed 
by a study of the insoluble residues from the trichloroacetic acid 
filtrates. Firstly, these residues, when analyzed for total pro- 
tein and polypeptide material should show little or no differences. 
Secondly, the tyrosine and tryptophan content per unit protein 
and polypeptide substance derived from the various substrates 
should be different and should bear an inverse relation to the 
content of tyrosine and tryptophan content of the corresponding 
filtrates. 

“Native” and urea-BSA were digested at pH 1.5 and 3.5 (8 
ug of pepsin for 20 minutes), deproteinized (final concentration 
of trichloroacetic acid, 3.1%; urea, 1.35 m), and the deproteiniza- 
tion mixtures centrifuged. The supernatant solutions were ana- 
lyzed for cleaved products by the phenol method as described. 
The precipitates were dissolved in 3% NaOH and were analyzed 
for total protein and polypeptides by the biuret procedure (29) 
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Fic. 8. The action of pepsin on “‘Native’’-BSA (@) and urea- 
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adapted for the photoelectric colorimeter. Precipitates prepared 
in a similar manner were dissolved in 35% urea (30) and ana- 
lyzed for their tyrosine and tryptophan content in the Beckman 
spectrophotometer at 278 mu. Precipitates of the undigested 
substrates were also analyzed by these procedures. 

From these experiments it was found that at pH 3.5 the diges- 
tion of “Native’’-BSA was 23% that of urea-BSA when calcu- 
lated from the biuret analysis of the trichloroacetic acid residues, 
and 18% when calculated from analysis of the respective tri- 
chloroacetic acid supernatant solutions by the phenol method. 
These values are in relatively good agreement with each other 
and with the value, 19% estimated from the pH-activity data 
for these substrates (Fig. 3). Furthermore, the compositions of 
the trichloroacetic acid residues, expressed in empirical units as 
the ratio of ultraviolet-absorbing material (tyrosine and trypto- 
phan) to biuret-reactive material (protein and polypeptide), were 
similar to each other and to the composition of the trichloroacetic 
acid precipitate from undigested protein (45, 50, and 43 units, 
respectively, for the precipitates of digests of “‘Native’’-BSA, 
urea-BSA, and undigested BSA). 

In a like manner, analysis of residues and supernatant solutions 
obtained after the action of pepsin on “Native” and urea-BSA 
at pH 1.5 were in good agreement and reflected the relation 
shown in Fig. 3 (digestion of urea-BSA is about 40% that of “‘Na- 
tive”-BSA). 

The results of these experiments rule out the operation to any 
great extent of factors of the type considered above. Instead 
they lend support to the interpretations already set forth, namely 
that denaturation of the protein substrates is accompanied by 
changes in the rates and optimal pH for peptic action in the early 
stages of digestion. 

Action of Pepsin on “Native’-BSA and Urea-BSA as Deter- 
mined by Acidimetric Titration at Constant pli—Verification of 
the results of the analysis of trichloroacetic acid filtrates and resi- 
dues for tyrosine and tryptophan and for total protein and poly- 
peptide was further sought by methods which might reflect a 
little more directly the cleaving of peptide bonds. The titration 
of groups, both newly created and unmasked during the course of 
peptic action on “Native”’-BSA and urea-BSA at pH 3.5 and 30° 
was therefore carried out. 

pH measurements were made with a Beckmann pH meter, 
model G, equipped with extension electrodes. The reaction ves- 
sels were contained in a constant temperature bath at 30°, and 
rapid and continuous stirring was accomplished by rotation of 
the vessels through a pulley system connected to a stirring 
motor.* 

The substrate solutions (6 ml of 0.67% BSA in water or 0.67% 
BSA in 3.6 mM urea) were adjusted to pH 3.45 at 30°. The pH 
was checked for a 15-minute period to be sure that it was con- 
stant. Pepsin (24 wg) was then added and the solutions were 
titrated from a microburet with 0.05 n HCl at brief intervals so 
that the pH did not rise by more than about 0.02 pH unit from 
the starting pH. 

Results of the average from 2 runs with “Native”’-BSA and 
from 3 runs with urea-BSA are shown in Fig. 8. As a result of 
the strong buffer action of the protein itself at this pH, the pre- 
cision and sensitivity of the measurements leaves much to be 
desired. This is especially true as more and more buffer ions 
(carboxyl groups) are produced by the hydrolysis. Even the 


‘The authors wish to thank Dr. Oliver Roholt for placing this 
experimental set up at their disposal. 
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residual buffer capacity of urea, small as it is at-this pH, be- 
comes a significant factor in view of its high concentration and 
the small titrations. Despite this the results of these titrations 
are in substantial agreement with those obtained from analysis 
of trichloroacetic acid filtrates and precipitates. Thus, from the 
titration experiment, the action of pepsin on urea-BSA in the 
early stages of digestion is about 4.5 times that of its action on 
“Native”-BSA. From Figs. 3, 5 and 6 and from the analysis 
of trichloroacetic acid residues described in the previous experi- 
ment, values of about 4.0 to 4.7 were found for the ratios of the 
action of pepsin on the two substrates. 

Unfortunately it is not feasible to analyze reliably the titra- 
tion data in terms of the number of peptide bonds cleaved. The 
pK values of the newly formed carboxyl groups in the cleaved 
products are not known, nor is the contribution to the titration 
due to changes in the pK values of the carboxy! groups of as- 
partic and glutamic acids, as these groups are unmasked during 
hydrolysis. The latter factor would be particularly relevant to 
an analysis of data of studies where the substrate was ‘“Native’’- 
BSA. 

Comparison of Action of Pepsin and Gastricsin on BSA and 
Hb—The presence of other proteases besides pepsin in noncrys- 
talline preparations of pepsin as well as in gastric mucosa and 
gastric juice has been indicated by the work of Pope et al. (31), 
Buchs (32), Merten (33), and Richmond et al. (34). Whether 
such proteases are unique entities or simply active derivatives 
from pepsinogen or from pepsin itself remains to be established, 
but the optimal pH for their action is claimed to be in the region 
of pH 3.0 to 3.5. It was therefore important to rule out any 
heavy contamination by them in the crystalline pepsin used in 
the present studies, even though the electrophoretic data of Mer- 
ten has already shown that contamination of similar crystalline 
pepsins by such proteases is of the order of 5% or less. The 
following tests were carried out: the action of a twice crystallized 
pepsin (Worthington Biochemicals Corporation, Lot No. PM 
534) and of the three times crystallized pepsin (Pentex Com- 
pany, Inc.) on both “Native” and urea-BSA were compared at 
pH 1.5 and 3.5. No differences were found between these two 
enzyme preparations. Further, the activity of a sample of the 
three times crystallized pepsin, fractionated with phosphate buf- 
fer® to remove other proteases, was the same as the unfraction- 
ated enzyme in its action on bovine Hb or on equine hemoglobin 
at these pH values. Finally, a sample of chromatographically 
homogeneous gastricsin, estimated to be 80% pure,* was studied 
for its activity at pH 1.5 and 3.5 on “Native” and urea-BSA 
and on “Native” and NaOH urea-Hb. The results were com- 
pared with the action of pepsin under similar conditions (7.e. on 
linear portions of their respective concentration curves) and are 
shown in Fig. 9. The two enzyme preparations differ in their 
activity against each substrate and also in response to the in- 
fluence of urea, especially at pH 3.5, the region in question. 
Hence, the strong activity of pepsin at pH 3.5 against the de- 
natured BSA and Hb cannot be attributed to contamination 
with gastricsin or a gastricsin-like enzyme. However, this study 
does not exclude the possibility that crystalline pepsin is con- 
taminated with gastric proteases of a type different from gastric- 
sin. 


* We wish to thank Dr. C. G. Pope for providing us with details 
of the unpublished fractionation procedure. 

* The authors are indebted to Dr. R. E. Trucco for the sample 
of gastricsin used in this study. 
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Fie. 9. A comparison of the activities of pepsin and gastricsin 
on bovine serum albumin and hemoglobin (native and denatured, 
tested at both pH 1.5 and 3.5). 


DISCUSSION 


The foregoing experiments demonstrate that whereas the ap- 
parent optimum pH for the action of pepsin on “native’’ bovine 
serum albumin and hemoglobin is at pH 1.7 to 2.0, it is shifted 
to about pH 3.5 when the substrates have been suitably dena- 
tured. In several instances considerable activity is manifest at 
pH values well above pH 3.5, in the region where the enzyme is 
essentially without action on the “native” proteins. The differ- 
ences in the pH-activity curves for the different denatured sub- 
strates indicate that the denatured forms produced by the vari- 
ous denaturation procedures are not identical. 

In terms of the schemes for proteolysis (cf. “Introduction’’), 
these findings suggest that the rate-limiting steps in the over-all 
action of pepsin on the “native” proteins are N = D or N’ = D’ 
or both N == D and N’ = D’, and that the role of the denatur- 
ants used has been to reduce or eliminate the limitations imposed 
by these steps. The low optimum pH for the action of pepsin 
against “native” proteins seems then to be only an apparent one, 
resulting from the elimination of these restrictive steps by the 
denaturing action of the acid conditions. Many of the facts 
concerning BSA and Hb and alterations in their structure under 
conditions related to the ones used in the present study are con- 
sistent with these views. Thus, for BSA, isomerization of the 
native protein to an “expandable” form is known to occur be- 
tween pH 4.5 and 3.5. Upon further acidification this “expand- 
able” form expands’ reaching its maximum (about 20-fold cal- 
culated for zero protein concentration and ionic strength) at 
about pH 2.0 to 2.5 (12, 15, 38, 39). This pH is seen to be in 
the region of optimal activity for pepsin on “‘native’’ proteins. 
Studies of BSA in urea solutions have led to similar conclusions 
(12, 13, 16, 40-43). However, in urea the isomerization and 
expansion are shifted up by roughly 1 pH unit. Interestingly, 
in the present experiments, it will be recalled that the apparent 


7 Molecular association or dissociation have been ruled out (12, 
35-37). 
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optimum pH against the various urea-denatured substrates was 
shifted up to about pH 3.5. Hence in both cases a correlation 
is seen between the pH for optimal activity of pepsin and the 
pH where the proteins have become greatly expanded or un- 
folded. 

For bovine hemoglobin, the picture is complicated by the nu- 
merous changes which this protein undergoes. Apart from the 
dissociation of Hb (bovine, horse, human) into half-molecules, 
which takes place at pH 5 to 6 (44, 45), there is an unmasking of 
titratable groups and a change in shape or size between pH 4.5 
and pH 3.1 (17, 18). At still lower pH values more drastic 
structural alterations of the protein occur and it may even be 
cleaved into its heme and globin moieties (45, 46). In the pres- 
ent study the most profound effects on apparent optimum pH 
of peptic action were achieved with Hb exposed to conditions of 
high or low pH plus urea, where such multiple changes may have 
occurred. This substrate is obviously a more denatured hemo- 
chromogen than the altered form, described by Steinhardt et al. 
(17), which exists at values around pH 3 to 4. 

In the preceding discussion the postulated restrictions, whose 
removal is accomplished by hydrogen bond-breaking agents 
(urea) and by conditions which favor intramolecular repulsions 
by like charges (low or high pH), are considered to be largely 
stearic in nature. It must be recognized, however, that insepa- 
rable from the stearic changes will be a redistribution of existing 
charges and the unmasking of new ones.* The role that the 
charge on the substrate may play in the action of pepsin on pro- 
teins has been considered by Northrop (49) and by Sri Ram and 
Maurer (11). 

It may be pointed out that restrictions on extensive proteoly- 
sis imposed by the N = D and N’ = D’ steps, shown in these 
studies, might be turned to advantage. They open up possi- 
bilities of a far greater application of pepsin, at pH values re- 
moved from its acid optimum, for studies of controlled hydroly- 
sis (N —» N’) of proteins. The fragmentation of antibodies by 
pepsin at around pH 4 to vield active fragments (50, 51) may 
be cited as an example of this application. 

The present work also suggests that various groups of peptide 
bonds in the protein molecule are optimally split at different 
pHs. Thus, the shoulder on the pH-activity curves for urea- 
BSA, HCl urea-BSA and NaOH urea-BSA substrates, the dip 
at about pH 2.5 in the curve for the Urea-Hb substrate, and the 
great breadth of the curves for the HC|-BSA, HC] urea-Hb, and 
NaOH urea-Hb substrates are all consistent with this idea. 

* The lower activity observed for the urea-denatured BSA sub- 
strates at the low pH values (pH 1.0 to 1.5), compared with “‘Na- 
tive’’-BSA, may be due to the high ionic strengths of their solu- 
tions. The effect of high ionic strength at these pH values is to 
reduce any expansion of the protein (12). The contribution to 
the ionic strength arises from the fact that in the presence of urea, 


which begins to buffer at low pH values, much greater amounts of 
HCl were required to attain these low pH values than in its ab- 
sence. 

At pH values where electrostatic attraction of opposite charges 
on protein molecules may be significant an increase in ionic 
strength may have the opposite effect. In fact, at pH 3.5 peptic 
digestion of BSA could be increased several fold by an increase 
in ionic strength. In experiments where the effects of de- 
naturation by prior exposure to low or high pH without or 
in conjunction with urea were studied at pH 3.5, the contribu- 
tion of the ionic strength factor to the total effect was not sep- 
arately quantitated. 

* Denaturation of BSA and Hb are known to be accompanied 
by changes in the number and apparent pK of titratable groups 
(15, 17, 40, 47, 48). 
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The analogous situation for synthetic peptide substrates of pep- 
sin is well recognized (7): two broad groups of linkages are 
known, one optimally hydrolyzed at about pH 2 and the other 
at about pH 4. Whether or not the data for the proteins reflects 
an analogous peptide bond specificity for the action of pepsin at 
different pH values remains to be established. For proteins, 
both native and denatured, the determining factor on the speci- 
ficity of peptic action at any given pH may be the influence of 
secondary and tertiary structures on the availability of sus- 
ceptible bonds. A broad specificity for the action of pepsin on 
proteins has been demonstrated (23, 52-54) but its pH depend- 
ence has not been investigated. 


SUMMARY 


A comparative study of the action of pepsin on “native” and 
denatured bovine serum albumin and hemoglobin is presented. 

1. The apparent optimum pH for the action of pepsin on the 
“native” substrates was pH 1.7 for bovine serum albumin and 
pH 2.0 for bovine hemoglobin. 

2. A shift in the apparent optimum pH to about pH 3.5 could 
be produced by suitable denaturation of both substrates with 
HCl, urea, or combinations of acid and urea or alkali and urea. 
In many instances, considerable activity could be demonstrated 
at pH values of 4.5 or higher, where the “native” substrates are 
refractory to the action of pepsin. 

3. As an explanation for these changes, artifacts arising from 
the use of selected conditions of enzyme concentration, incuba- 
tion period, or trichloroacetic acid deproteinization, have been 
ruled out. Such factors as instability of pepsin, errors arising 
from the analytical procedure, and contamination with gastricsin 
have also been eliminated. 

4. The results are discussed in terms of rate-limiting steps in 
peptic proteolysis and in terms of the peptide bond specificity 
of pepsin. 
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Phosphorylase, an enzyme which catalyzes the formation and 
phosphorolysis of glycogen (Reaction 1), was isolated from mam- 
malian muscle by Green and Cori (1). An unusual property of 


Glucose 1-phosphate + glycogen (n) = 
glycogen (n + 1) + inorganic phosphate (1) 


this enzyme is its existence in forms with different requirements 
for activity; one form, phosphorylase a, is active in the absence 
of muscle adenylic acid (AMP); and a second form, phospho- 
rylase b, requires AMP for activity. 

An investigation of lobster muscle extracts by Cowgill and 
Cori (2) revealed not only the two forms corresponding to phos- 
phorylases a and b of mammalian muscle but also a third form 
which was inactive in the presence of AMP sufficient to activate 
phosphorylase 6. 

The present paper will describe the purification of lobster 
muscle phosphorylases a and b, the properties of these purified 
enzymes, and some observations on the nature of the inactive 
phosphorylase (phosphorylase c) of crude muscle extracts. 


EXPERIMENTAL 


Methods 


Chemicals—Commercial (Schwarz Laboratories) glucose 1- 
phosphate was recrystallized as the potassium salt (3). AMP 
was obtained as the chromatographically pure salt from Mann 
Laboratories and Schwarz Laboratories. Rabbit liver glycogen 
and lobster muscle glycogen were prepared by the procedure of 
Somogyi (4). Pyridoxal phosphate was supplied by the Cali- 
fornia Foundation for Biochemical Research. Its identity and 
purity were established by paper chromatography (5), paper 
electrophoresis (6), and by hydrolysis to pyridoxal. Protamine 
sulfate (Mann Laboratories) was reprecipitated and dried after 
treatment with charcoal. Histone and polylysine were obtained 
from Mann Laboratories and used without purification. 

Inorganic phosphate was determined by a modified Fiske and 
SubbaRow procedure (7). Protein was estimated by the method 
of Lowry et al. (8). 

Phosphorylase Assay—Reaction 1, catalyzed by phosphorylase, 
was measured in the direction left to right by the rate of libera- 
tion of inorganic phosphate.' In the presence of 2% glycogen, 


* This research was supported by a grant (No. A-1525) from the 
National Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 

t Senior Research Fellow of the National Institutes of Health. 

1 The reaction from left to right also could be demonstrated by 
increase in intensity of reddish brown color of the iodine test for 
increase in chain length of glycogen (9). The reaction from right 
to left could be demonstrated by loss of inorganic phosphate and 
by appearance of acid labile phosphate (glucose 1-phosphate) 
upon incubation of the enzyme with glycogen and inorganic phos- 
phate. 
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the reaction followed first order kinetics (10) as expressed by the 
equation k = 1/t log z./(z_ — 2), where k is the velocity con- 
stant, ¢ is time in minutes, z, is the per cent conversion of glu- 
cose 1-phosphate to glycogen and inorganic phosphate at equi- 
librium (z, = 73% at pH 6.8), and z is the per cent conversion 
at time ¢t. The unit of phosphorylase activity was defined as 
1000 -k, when was determined by the following assays. 

For assay of phosphorylase a, the enzyme was incubated at 
35° in a 0.4-ml assay mixture that was composed, in addition to 
the enzyme, of 0.1 m glucose 1-phosphate and 2% (weight per 
volume) glycogen at pH 6.8. At incubation periods that were 
routinely 5 and 10 minutes, 0.1-ml samples were added to 5 ml 
of 0.1 ~ H,SO, in order to stop the reaction. The inorganic 
phosphate content of these samples was subsequently assayed. 
For convenience of the phosphate analysis, the phosphorylase 
concentration should be such that no more than 10% conversion 
of the glucose 1-phosphate occurred during the 10-minute period. 

For assay of phosphorylase 6 and c, the procedure was the 
same as above except that the assay mixture also contained 2 X 
10-? m AMP for phosphorylase 6 and 20 x 10-? wm AMP for phos- 
phorylase ¢ assay. The increments of phosphorylase activity 
between assays at each of the two levels of AMP represent the 
activities of phosphorylase 6 (0 to 2 K 10-* a AMP) and phos- 
phorylase c (2 to 20 K 10-7? m AMP). 

It will be noted that although the phosphorylase unit was de- 
fined in the same way as for rabbit muscle phosphorylase (10), 
the assay conditions for the lobster enzyme were modified in order 
to meet the different requirements of the lobster enzyme for 
saturation concentrations of glycogen, glucose 1-phosphate, and 
AMP. 


Purification of Phosphorylase a 


Step 1: Extraction of Muscle—The tail muscle of lobster* 
(Homarus americanus) was ground for 1 minute in a Waring 
Blendor at high speed with 2 parts by weight of cold distilled 
water. All subsequent steps were conducted at 0-5° unless 
otherwise indicated. The muscle slurry was centrifuged at 7000 
r.p.m. for 30 minutes and the supernatant fluid was Fraction I. 

Step 2: Selective Heat Denaturation—Fraction I was brought 
to 5 & 10-* mM in cetyldimethylethylammonium bromide (Dis- 
tillation Products Company) by addition of a 0.1 m stock solu- 
tion of the latter at pH 7. With continuous stirring, the prep- 
aration was brought from 0—50° during a 5- to 7-minute period in 


? Tails from lobsters freshly taken from sea water yielded mainly 
phosphorylases 6 and c. Tails from lobsters stored out of sea 
water in a refrigerator for 24 hours yielded phosphorylase a. 
Equally satisfactory as a source of phosphorylase a were tails 
removed from lobsters and immediately frozen on powdered Dry- 
Ice. The latter tails gave high yields of phosphorylase a even 
after storage in the frozen state for 3 months. 
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large water bath at 60-62°. A heavy precipitate formed at 
“? and the preparation was held at 50-51° for 5 minutes. Then 
the preparation was quickly cooled to 0-35° in an ice bath and 
centrifuged for 15 minutes at 7000 r.p.m. The supernatant solu- 
tion (Fraction I1) contained the enzyme. 

Step 3: Ammonium Sulfate Fractionation—Fraction IL was 
rade 0.35 saturated in ammonium sulfate (20.6 ¢ of (NH) SO, 
per 100 ml of Fraction Il). After storage for S to 12 hours the 
mixture was centrifuged to eliminate the precipitate, and the 
-upernatant fluid was taken to 0.42 saturated in ammonium sul- 
fate (4.12 g of (NH SO, per 100 ml of supernatant solution). 
After storage overnight the mixture was centrifuged to eliminate 
the supernatant fluid. The precipitate was suspended in 0.05 
u glycerol phosphate of pH 6.8 (;'5 of the volume of Fraction I) 
as Fraction IIT. 

Step 4: Selective Heat Denaturation—Fraction LL was made 
1.0 ms with respect to AMP® and 0.30 saturated in ammonium 
sulfate by the addition of saturated ammonium sulfate (0°) ad- 
justed with ammonia to pH 7. The preparation was continu- 
ously stirred and rapidly heated in a large water bath at 52-55°, 
and was held at 50° for | minute; then it was cooled in an ice 
bath. After storage overnight, the preparation was centrifuged 
for 30 minutes at 10,000 r.p.m., the large precipitate was dis- 
earded, and the supernatant solution was Fraction IV. This 
step removed most of the phosphorylase phosphatase (11) pres- 
ent in Fraction IIT. 

Step 5: Ammonium Sulfate Precipitation—Fraction IV was 
brought from 0.30 to 0.44 saturated in ammonium sulfate by 
further addition of saturated ammonium sulfate solution. After 
storage overnight the mixture was centrifuged for 15 minutes at 
10,000 rpm. The precipitate was dissolved in 0.05 m glycerol 
phosphate of pH 6.8 (g4$» the volume of Fraction 1), and dialyzed 
with continuous stirring for two 3-hour periods against two L-liter 
portions of cold 0.05 m glveerol phosphate of pH 6.8 (Fraction 
V). 

Step 6: Protamine Precipitation—The clear, dialyzed Fraction 
V was adjusted to pH 7.2 to 7.5 with 0.5 m Tris buffer of pH 
S85. Stock protamine solution (10 mg per ml) at pH 7.5 was 
wided to bring the preparation to 3.0 mg of protamine per ml 
and a heavy, white precipitate of the protamine-phosphorvlase 
a complex appeared immediately. The preparation was stored 
overnight under toluene as Fraction VI. Steps 6 and 7 elimi- 
nated any phosphorylase 6 present in the preparation, since small 
amounts of phosphorylase 6 did not precipitate with protamine 
at the level of 3.0 mg per ml. 

Step 7: Protamine Crystallization — Fraction V1 was centrifuged 
20) minutes at 10,000 r._p.m. The supernatant solution was dis- 
earded and the precipitate was suspended in 0.05 m- givcerol 
phosphate of pH 6.8 (,'5 the volume of Fraction |). The precipi- 
tate did not dissolve but was well stirred so that the suspended 
material was finely divided. AMP was added to a concentration 
of 0.1 ms in order to stabilize the phosphorvlase and the pH of 
the suspension was adjusted to pH 5.8 with 1M sodium acetate 
(plf 4.5). The suspension was stirred continuously at 0° for 10 
minutes to complete the extraction of the protamine-phospho- 
rvylase complex; then the mixture was centrifuged for 10 minutes 
at 10,000 r.p.m. The supernatant fluid was quickly adjusted 
to pH 7.2 to 7.5 by addition of 0.5 Tris buffer of pH. S.5, where- 

* AMP had no effect on the enzymatic activity of lobster phos- 


phorvlase a; however, the nucleotide was bound to the enzyme 
and conferred stability on the preparation at this stage. 
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upon crystals of protamine-phosphorylase a began to appear 
within 1 hour (Fig. 1).4 Stock protamine solution was added 
slowly to complete the crystallization. This usually required an 
addition of 1.0 mg of protamine per ml. After storage overnight 
under toluene, crystallization was complete. Reerystallization 
could be effected by solution in 0.05 mM glycerol phosphate of pH 
6.8 at 35° and ervstallization upon lowering the temperature to 

Step 8: Ammonium Sulfate Precipitation—The phosphorylase 
was freed of protamine by two ammonium sulfate precipitations. 
The protamine-phosphorvlase erystals were centrifuged, 
washed quickly with 10 ml of cold distilled water, and then dis- 
solved in O.1 saturated ammonium sulfate (gj¢ the volume of 
Fraction 1). The solution was centrifuged if not clear, and then 
was made 0.50 saturated by addition of saturated ammonium 
sulfate solution of pH 6.8. After storage overnight, the prepara- 
tion was centrifuged 15 minutes at 10,000 r.p.m. and the super- 
natant solution which contained most of the protamine was dis- 
carded. The precipitate was dissolved in 2 ml of cold distilled 
water; then saturated ammonium sulfate was added to 0.30 
saturation. The solution was centrifuged if not clear and then 
it was made 0.45 saturated by slow addition of saturated am- 
monium sulfate solution. After storage at least overnight the 
preparation was centrifuged and the phosphorylase a pellet was 
dissolved in 2 ml of 0.05 mM glycerol phosphate of pH 6.8. The 
preparation was dialyzed against either 0.05 mM glycerol phosphate 
or 0.005 Mm ethvlenediaminetetraacetic acid at pH 6.8 in order to 
remove the ammonium sulfate.” 

A summary of vields and specific activities for the various 
steps in the purification appears in Table I. The enzyme was 
stable to storage at all stages in the purification and after Step 
8 it was stored for months in a frozen state with no appreciable 
loss of activity. 


Purification of Phosphorylase b 


Step 1: Extraction of Muscle —The tail muscle of the lobster 
freshly removed from sea water® was extracted as for Step 1 
above. 

Step 2: Selective Heat Denaturation—The procedure was that 
for Step 2 above. For preparation of phosphorylase 6, Step 2 
should follow immediately after Step 1, since phosphorylase 6 is 
converted to phosphorylase a if allowed to stand at this stage (2). 

Step 3: Ammonium Sulfate Fractionation—This step was per- 
formed exactly as described for Step 3 above. However, the 
product (Fraction IIL) usually contained a mixture of phospho- 
rvlases a and 6 as well as phosphorylase phosphatase (11). In 
order to convert this phosphorylase mixture completely to phos- 
phorvlase 6, inhibitory sulfate ions were removed by dialysis 
against a solution of O.OL mM ethyvlenediaminetetraacetic acid® and 
the phosphorylase phosphatase present was allowed to act upon 
the phosphorviase a. If the preparation was not completely in 
the phosphorylase 6 form after 6 hours of dialysis against hourly 
changes of O.OL Mm ethvlenediaminetetraacetic acid, it was held 
at room temperature until the transformation was complete (30 
to 60 minutes). 


‘ Protamine phosphorylase a would not erystallize in the pres- 
ence of phosphorvlase b. 

5 At no stage should lobster musele phosphorylase be exhaus- 
tively dialyzed against distilled water, since at very low ionic 
strength the enzyme is irreversibly denatured and precipitates as 
an insoluble, white, granular solid. 
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Fic. 1. Crystals of protamine phosphorylase, X 970 


Steps 4 to 6—These steps were performed as described for the 
corresponding steps in the purification of phosphorylase a. 
Upon addition of protamine to a level of | mg of protamine per 
ml in Step 6, any precipitate of protamine-phosphorylase a 
which formed was discarded; the phosphorylase 6 was present 
in the supernatant fluid (Fraction V1). 

Step 7—Protamine crystallization could not be effeeted with 
phosphorylase 6. 

Step 8—Ammonium sulfate fractionation was performed upon 
Fraction VI of the phosphorylase b preparation by the procedure 
for Step 8 above. 

Extraction of Phosphorylase c 


Crude muscle extracts of phosphorylase ¢ could be obtained 
by the extraction procedure described above at Step 1. The 


tail muscle must be taken from lobsters freshly removed from 
an aerated seawater tank in order to obtain the phosphorylase as 
phosphorylase c. 


Removal of Pyridoxal Phosphate from Phosphorylase a 


Purified phosphorylase a or 6 (5 mg) in 1.0 ml of 0.05 mM am- 
monium sulfate was placed in the bottom of a 50-ml plastic 
centrifuge tube; 0.2 ml of a 1:1 slurry of charcoal (Norit) in 
distilled water was added, and the tube was placed in an ice-salt 
bath of —10°. This was designated zero time. At 15 seconds, 
1.7 ml of 0.6 saturated ammonium sulfate that was 0.2 Mm in 
phosphate buffer, at pH 1.65 (glass electrode pH meter), and 
precooled to —10°, was added with rapid stirring. This ren- 
dered the mixture 0.35 saturated in ammonium sulfate. At 2 
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Taste I 
Purification of lobster tail muscle phosphorylase a 


Step Protein | 
me/ml | 

1. Aqueous extract of ground 

39 | 15.5 2.5 100 
2. Selective heat denaturation... 39 8.7 4.5 95 
3. Ammonium sulfate fraction- 

| 230 | 10.6 22 60 
4. Selective heat denaturation...| 164 58 
5. Ammonium sulfate fractiona- 

1375 | 35 39 50 
6. Protamine precipitation... ... 1200 44 
7. Protamine crystallization....| 1150 30 
8. Ammonium sulfate fractiona- | 

janes 9.4 | 140 2 


minutes, 1.9 ml of the above ammonium sulfate-phosphate buffer 
mixture was added to bring the mixture to 0.45 saturated. At 
4 minutes, the mixture was brought to 0.55 saturated by the 
addition of 9.6 ml of the ammonium sulfate-phosphate buffer 
mixture. At 6 minutes, 1.8 ml of 1.0 saturated ammonium 
sulfate at —10° and pH 1.9 (with HCl) was added to bring the 
mixture to 0.60 saturated. At 8 minutes, the mixture was cen- 
trifuged for 2} minutes at 12,000 r.p.m. at —10°. The centrifuge 
rotor was quickly stopped and the supernatant fluid was dis- 
carded (pH 1.75). The precipitate was suspended quickly in 4 
ml of 0.2 m glycerol phosphate of pH 6.8 and centrifuged to re- 
move the charcoal. The entire operation was done as rapidly 
as possible (14 minutes had elapsed by the time the precipitate 
was dissolved in the glycerol phosphate buffer); and at as low 
temperature as possible without freezing. Results were erratic 
and at best there was 50% loss of the enzyme and 60% conver- 
sion of the remainder to a form which required pyridoxal phos- 
phate for enzymatic activity. 


Zone Electrophoresis on Glass Beads 


Glass beads of 0.1 mm diameter (Minnesota Mining and Manu- 
facturing Company) were treated successively with hot, cleaning 
solution, 0.1 ws NaOH, 0.1 ~ HCl, and then with distilled water 
until the washes were above pH 4. Finally, the beads were 
stored under the buffer to be used in the electrophoresis. With- 
out this preliminary treatment the beads gave a strongly alkaline 
solution even in buffers. The bed of glass beads for electro- 
phoresis was prepared by pouring a slurry of 1200 g (dry weight) 
of the beads and 350 ml of buffer into the trough of the apparatus. 
After equilibration, the bed retained 20% by weight of buffer 
and had a consistency similar to that of the conventional starch 
bed. The sample was incorporated into a slurry of the beads in 
buffer and this was poured into a trough cut out of the center of 
the bed. At the conclusion of the electrophoresis, the bed was 
removed in sections with a spatula, and the contents were eluted 
with the buffer used for the electrophoresis. The various sec- 
tions were analyzed for protein and for phosphorylase activity. 


RESULTS AND DISCUSSION 


Phosphorylase a—Laobster muscle phosphorylase a, after crys- 
tallization of the protamine complex (Fig. 1) and subsequent 
removal of the protamine, was recovered in 25% yield from the 
original muscle extract and with a 55-fold increase in specific 


Fic. 2. Ultracentrifugation pattern of lobster phosphorylase 
a. Spinco analytical centrifuge run at 59,780 r.p.m.; 7 mg of 
protein per ml in 0.05 m glycerol phosphate of pH 6.8. Pictures 
at 33.5, 45, and 58 minutes. Ultracentrifuge experiments were 
kindly performed by Dr. John Cann of the Biophysics Depart- 
ment, University of Colorado School of Medicine. 
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Fie. 3. Zone electrophoresis of purified lobster phosphorylase 
a. Support, glass beads (0.1 mm); buffer, 0.02 m glycerol phos- 
phate of pH 7.0. Electrophoresis at 200 volts, 200 ma, and 16° 
for 12 hours. §§, protein content; phosphorylase units. 


activity (Table I). The specific activity® remained constant 
upon repeated ammonium sulfate fractionation at Step 8. The 
preparation was homogeneous upon ultracentrifugation; a single 
peak was observed (Fig. 2) for which a Svedberg number of 9.0 
was calculated. 

The phosphorylase a preparation was homogeneous also upon 
zone electrophoresis. Glass beads formed the electrophoresis bed 
in these experiments, since the enzyme was strongly adsorbed to 
the conventional starch bed. An experiment at pH 7.0 is sum- 
marized in Fig. 3. Both at pH 7.0 and 6.4, phosphorylase a 
traveled as a single component and maximal enzymatic activity 


* The specific activity of 140 units per mg found for purified 
lobster phosphorylase a (Table I) is considerably below that of 
rabbit phosphorylase a (2000 to 2500 units per mg). In part, this 
difference arises from differences in assay conditions defined in 
this paper for lobster phosphorylase and those defined (10) for 
assay of rabbit phosphorylase. However, when lobster phospho- 
rylase a was assayed by the procedure (10) for rabbit phorphoryl- 
ase, a turnover number was calculated of 0.009 mole of glucose 
1-phosphate per minute per g of lobster phosphorylase a. Rab- 
bit phosphorylase a under these conditions, has a turnover num- 
ber of 0.032 mole of glucose 1-phosphate per minute per g of rab- 
bit phosphorylase a. Therefore, under the same conditions of 
assay and on a weight basis, rabbit phosphorylase appears to be 
about 3.5 times more efficient catalytically than the lobster en- 


zyme. 
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coincided with maximal protein. A small amount of inactive 
protein (5%) which trailed from the origin, was attributed to a 
small continuous denaturation of the enzyme during electropho- 
resis. 

The activity of lobster phosphorylase a was not increased by 
AMP or cysteine. However, AMP could be bound by the en- 
zyme, since preparations strongly absorbed light with a maximum 
at 260 my after exposure to AMP and subsequent extensive 
dialysis. Treatment of such a preparation with charcoal re- 
moved the bound AMP; the absorption peak at 260 my disap- 
peared, but the level of enzymatic activity remained the same. 

The enzyme was strongly inhibited by p-chloromercuriben- 
zoate (100% inhibition by 1 & 10-5 m), but not by iodoacetic 
acid, and the inhibition by p-chloromercuribenzoate was not 
reversed by cysteine. The enzyme was weakly inhibited by 
glucose (25% by 0.25 m) and pyruvate (50% by 0.25M). Since 
rabbit phosphorylase a was inhibited by protamine (12) and since 
protamine was used in the purification of the lobster enzyme, 
protamine, histone, and polylysine were tested over the concen- 
tration range 1 to 2000 wg per ml, but no inhibition of lobster 
phosphorylase was observed. 


° 


i i 4 
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Fic. 4. Effect of muscle adenylic acid on the activity of phos- 
phorylase b. 1/v = 1/units of phosphorylase 6, when units of 
phosphorylase 6 = 1000 X velocity constant. 1/(AMP) = 1/con- 
centration of AMP in the assay mixture for phosphorylase b. 
= 4.7 X AMP. 


Fic. 5. Ultracentrifugation pattern of lobster phosphorylase 
b. Spinco analytical centrifuge at 59,780 r.p.m.; 7 mg of protein 
per ml in 0.05 m glycerol phosphate of pH 6.8. Pictures at 28, 44, 
and 60 minutes. Ultracentrifuge experiments were kindly per- 
formed by Dr. John Cann of the Biophysics Department, Univer- 
sity of Colorado School of Medicine. 
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Fic. 6. Formation of lobster phosphorylase b by the action of 
rabbit PR enzyme on lobster phosphorylase a. Purified lobster 
phosphorylase a was incubated at 35° with PR enzyme from rab- 
bit (purified beyond the alkaline step (14) and free of rabbit phos- 
phorylase), in the presence of 0.015 M cysteine and 0.05 m imidazole 
at pH 68. O-——O, units as lobster phosphorylase a; O---O, 
units as lobster phosphorylase 6; +—-—-+-, units as rabbit phos- 
phorylase a when recrystallized rabbit phosphorylase a was ex- 
posed to the same amount of PR enzyme and assayed by the pro- 
cedure for rabbit phosphorylase a (10). 


Phosphorylase b—Lobster muscle phosphorylase 6 was obtained 
in 20% yield and with an increase in specific activity of 40-fold 
by the purification described under “Methods.”” The course of 
purification ran parallel to that for phosphorylase a (Table 1) 
and the specific activity of 120 units per mg of protein for phos- 
phorylase 6 was comparable to that for purified phosphorylase a 
(140 units per mg). 

The distinctive difference between phosphorylase a and phos- 
phorylase 6 was that phosphorylase 6 required AMP for activity. 
None of the other common mononucleotides could replace muscle 
AMP for the activation of lobster phosphorylase b. No induc- 
tion period was observed for activation by AMP and _ the 
Michaelis constant (A,,) was 4.7 10-*m AMP (Fig. 4). 

The purified preparation of phosphorylase b traveled as a single 
component in the Spinco analytical centrifuge (Fig. 5) and the 
calculated Svedberg number was 9.0. This value is the same as 
that reported above for phosphorylase a and would indicate that 
no change in molecular size occurred upon conversion of lobster 
phosphorylase a to 6. This is in contrast to the situation for 
the rabbit muscle enzyme; for the latter species, Keller and Cori 
(13) found phosphorylase a to be split into a molecule of just 
one-half its original size upon conversion to phosphorylase b. 

In addition to its isolation from muscle extracts, lobster phos- 
phorylase 6 could be obtained from purified lobster phosphorylase 
a through the action of either phosphorylase phosphatase from 
lobster muscle (11) or the corresponding PR enzyme from rabbit 
muscle (Fig. 6).? Phosphorylase 6 preparations by all three 
methods were identical insofar as could be ascertained by study 
of enzymatic activity, and the Michaelis constants for AMP and 
glucose-1-P were the same. 

Phosphorylase c—In previous experiments (2) with lobster 
freshly removed from aerated sea water tanks, it was observed 


7 In this connection, it is of interest that lobster phosphorylase 
phosphatase also was able to catalyze the conversion of rabbit 
muscle phosphorylase a to b (11). 
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PHOSPHORYLASE ¢ UNITS 


l 


i i 
1) 4 8 2 3 16 20 
(AMP) x 10~ M 
Fic. 7. Activation of phosphorylase c in crude muscle extracts 
by AMP. Phosphorylase assays were as described in the text with 
varying amounts of AMP in the assay mixture. Half-maximal 
activation was estimated to occur at 4.3 X 10°°' mM AMP. 


that the total active phosphorylase (a + 6) of the tail muscle 
extracts frequently rose as much as 5-fold upon storage. It ap- 
peared that there was present in these extracts an inactive form 
of phosphorylase, here designated as phosphorylase c, which was 
converted to phosphorylase a and 6 during storage. 

In the present experiments with lobster muscle extracts con- 
taining this inactive form of phosphorylase, it was discovered 
that enzymatic activity could be elicited in the presence of high 
levels of AMP. It was estimated that 4.3 k 10-? wm AMP was 
required to attain one-half the maximal activity in these extracts 
(Fig. 7). This value is 10-fold higher than the Michaelis con- 
stant of 4.7 « 10-*m AMP for phosphorylase 6, either in crude 
extracts or after purification. Therefore, the high levels of AMP 
required to activate phosphorylase in the above extracts could 
not be accounted for simply as a heightened requirement for 
AMP by phosphorylase b when in crude extracts. On the basis 
of these different requirements for AMP, the amounts of each 
of the three forms of the enzyme were estimated by the activity 
in the absence of AMP (phosphorylase a); increase of activity 
in the presence of 2 KX 10-3 wm AMP (phosphorylase 6); and the 
further increase in activity in the presence of 2 K 10°? mw AMP 
(phosphorylase c). 

An indication of the frequency of occurrence of phosphorylase 
c in lobster muscle extracts may be obtained from Table II. It 
will be observed that four out of nine lobsters from an aerated 
sea water tank yielded extracts in which phosphorylase c was 
the principal form of the enzyme, whereas the other five yielded 
extracts in which phosphorylase b was the principal form. In 
contrast, lobsters stored 2 to 4 days in a refrigerator at 5° in- 
stead of in sea water yielded extracts in which phosphorylase a 
was the principal form. 

Attempts to purify phosphorylase ¢ have been unsuccessful. 
Any treatment, even so gentle as freezing and rethawing at 0°, 
led to conversion of the phosphorylase to the form with proper- 
ties characteristic of phosphorylase b. These observations are 
compatible with the hypothesis that phosphorylase ¢ is a form 
of the enzyme in which the active site is blocked by some group 
or cell constituent attached to the phosphorylase by a labile 
linkage. High concentrations of AMP or the various physical 
changes incident to the purification procedures seem to disrupt 
this labile union and to liberate the enzyme as phosphorylase 5. 
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Taste Il 
Nature of phosphorylase in crude lobster muscle extracts 


| Units of phosphorylase 


Principal form 


Extract No AMP 2x AMP 2 AMP of 
(Phos- (Phosphorylase (Phosphorylase pre 
| phorylase a) a+ bd) | a+b+c) 


Extracts of lobster from aerated tanks of sea water 


er | 285 | 285 b 
I 30 | 195 | 200 b 
| 
5 0 40 | 255 c 
pes) 0 35 | 185 c 
9 | 5 30 | 185 c 


Extracts of lobsters from refrigerator (2 to 4 days) 


10 20 | 200 a 
1 110 15 110 a 
ae 170 190 | 200 a 


CONVERSION 


2) 


PERCENT G-I-P 


| 


1.0 
PERCENT GLYCOGEN IN ASSAY 


Fic. 8. Effect of glycogen concentration on the rate of con- 
version of glucose-1-P by lobster phosphorylase a. Assay condi- 
tions were as described in the text, except that glycogen con- 
centration was varied. Per cent reaction at 10 minutes was 
calculated by the method of Cori et al. (10). 


20 


However, these preliminary studies do not exclude the possibility 
that phosphorylase c is actually phosphorylase b accompanied by 
material which binds or otherwise inactivates AMP. If this be 
so, the material must occur only in those muscle extracts which 
yield phosphorylase in the form requiring high concentrations of 
AMP (Table IL). The presence of adenylic acid deaminase 
eannot account for this high AMP requirement (2). 
Polysaccharide Primer—A primer polysaccharide had to be 
present in order that Reaction 1 might occur, and the rate of 
reaction was a function of the polysaccharide concentration 
(Fig. 8). In the presence of 2% rabbit liver glycogen the reac- 
tion rate approached a maximum, and the rate was one-half the 
maximum at a concentration of 0.4% glycogen for either phos- 


+ 
—— 
2° 
60 
f 
0 — 


Effect of High Salt Concentration on Michaelis Constants for 
Glucose-1-P—-When phosphorylase b was assayed in the presence 
of 0.015 m glucose-1-P, it was observed that the rate of reaction 
increased in the presence of increasing amounts of sodium or 
potassium sulfate® (Fig. 9) up to an ionic strength of 0.2 and 
then was constant at higher concentrations of sulfate. Other 
anions high on the Hofmeister or lyotropic series for salting out 
of proteins also were effective, i.e. tartrate and citrate. Acetate, 
chloride, or nitrate ions were without effect. This apparent 
activation of phosphorylase 6 by the above mentioned anions 
was found to arise from a peculiar shift of the Michaelis constant 
for glucose-1-P in the presence of these anions. 

The Michaelis constant (K,.) was 7 X 10-* m glucose-1-P for 
phosphorylase a when measured either in the presence of 0.025 
M glycerol phosphate buffer or in the presence of high concentra- 
tions (0.25 m) of sodium sulfate (Fig. 10). The A, value for 
phosphorylase 6 was higher (46 K 10-* m glucose-1-P) than that 
for phosphorylase a when measured in the low salt environment 
of 0.025 m glycerol phosphate. However, in the presence of 
0.25 m sodium sulfate the K,, value for phosphorylase b was de- 
creased to 8.6 < 10-8 m glucose-1-P, which is comparable with 
the value for phosphorylase a. The author would infer from 
these observations that phosphorylase b does not bind glucose-1-P 
as tightly as does phosphorylase a at low ionic strengths, but 
that in the presence of high concentrations of the above men- 
tioned anions phosphorylase 6 is so modified as to render its 
capacity to bind glucose-1-P equivalent to that of phosphorylase 
a. 

Presence of Pyridoxal Phosphate on Phosphorylase a—Purified 
lobster phosphorylase a liberated a yellow pigment upon treat- 


* Ammonium sulfate produced some inhibition of the enzyme. 
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10 
2| 220 
” 
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° 
a 
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02 
04 08 1.2 16 
Fic. 9. Effect of ionic strength of sodium sulfate upon the rate a 

of the reaction catalyzed by phosphorylase b. ~~ = square root a 

of ionic strength of sodium sulfate in the assay mixture. The lat- a 

ter also contained purified phosphorylase b, glycogen (2%), glu- , 

cose-1-P (0.015 Mm), and AMP (7.5 X Units of phosphory!l- > 20+ 

ase 6 were calculated as described in the text. = Y 

phorylase aorb. Rabbit liver glycogen, lobster muscle glycogen, 

or soluble starch served about equally well as the primer poly- s ee 

saccharide. The ability of rabbit liver glycogen to prime the ea 
reaction was not diminished by the presence of gum arabic, 200 400 
sucrose, maltose, or lactose in amounts of 2% by weight. U 

ore 


Fic. 10. Effect of glucose-1-P concentration on the rates of the 
reaction catalyzed by phosphorylases a and 6} in the presence and 
absence of sulfate ions. 1/v = 1l/ug of inorganic phosphate re- 
leased per minute. This value was calculated from the velocity 
constant k = 1/t log, z./(z, — z) determined for assays at 5 and 10 
minutes’ reaction times at pH 6.8 in the presence of 2% glycogen. 
Upper, phosphorylase a, no sulfate present (O-——-O), Kn, = 
7.0 X 10-* m glucose-1-P; phosphorylase a, 0.25 m Na»SO, present 
(+——+), Ke = 7.0 X glucose-1-P. Lower, phosphoryl- 
ase b, no sulfate present (O---O), A, = 4.6 X 10°? m glucose- 
1-P; phosphorylase 6b, 0.25 m Na,SO, present (+---+), An = 
8.6 X m glucose-1-P. 


ment with perchloric acid by the method described by Bara- 
nowski et al. (15) for rabbit phosphorylase. This pigment was 
identified as pyridoxal phosphate by its absorption spectrum and 
by its behavior upon paper chromatography (5) and paper elec- 
trophoresis (6). From the molar extinction coefficient for 
pyridoxal phosphate of 6600 at 388 my in 0.1 N NaOH (5) and 
from the amount of phosphorylase (57 mg by protein analysis) 
analyzed for pyridoxal phosphate, it was calculated that there 
was approximately 1 mole of pyridoxal phosphate per 100,000 g 
of lobster phosphorylase a. Cori and Illingworth (16) found 
previously that rabbit muscle phosphorylase a contains 4 moles 
of pyridoxal phosphate per mole of rabbit phosphorylase a (mol. 
wt. = 500,000). 

Removal of Pyridoral Phosphate from Phosphorylase—The pro- 
cedure for the removal of pyridoxal phosphate from lobster 
phosphorylase a with acid ammonium sulfate is described in 
“Methods.” The yield of pyridoxal phosphate-free phosphoryl- 
ase varied widely from one preparation to another and was 60% 
at best. Once the pyridoxal phosphate had been removed, the 
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pyridoxal phosphate-free phosphorylase was stable if stored 
frozen. The pyridoxal phosphate-free phosphorylase was in- 
active in the absence of pyridoxal phosphate, and pyridoxal 
could not replace pyridoxal phosphate for its activation. In the 
presence of low concentrations of pyridoxal phosphate (less than 
5 x 10-°M), the extent of activation increased slowly and became 
constant after 40 minutes of incubation at 35°. With a 40-min- 
ute incubation period, pyridoxal phosphate-free phosphorylase a 
attained half-maximal activation in the presence of 3 K 10-* m 
pyridoxal phosphate. Concentrations of pyridoxal phosphate in 
excess of 25 & 10-° mM were inhibitory. 


SUMMARY 


Phosphorylase a was isolated from lobster muscle and behaved 
as a homogeneous protein during ultracentrifugation and zone 
electrophoresis; phosphorylase b was isolated as a protein of the 
same molecular size as phosphorylase a (8S = 9.0). 
phosphate was bound to the phosphorylase (approximately one 
mole of pyridoxal phosphate per 100,000 g of phosphorylase a); 
and after treatment with acid ammonium sulfate, the enzyme 
required pyridoxal phosphate for activity. The Michaelis con- 
stant for glucose 1-phosphate was higher for phosphorylase b 
than for phosphorylase a, but the value for phosphorylase b was 
lowered in the presence of high concentrations of sulfate, citrate, 
or tartrate salts. 

Phosphorylase a did not require adenylic acid for activity, 
whereas phosphorylase b was completely inactive in its absence. 
Some of the crude muscle extracts appeared to contain a third 
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form of the enzyme, phosphorylase c, which was active only in 
the presence of much larger amounts of adenylic acid than were 
required to activate phosphorylase b. 
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Lobster muscle phosphorylase, in common with the phospho- 
rylases of many other animal species, occurs in forms with differ- 
ent requirements for activity (1). Phosphorylase a is an active 
form; whereas phosphorylase b is active only in the presence of 
adenylic acid (AMP). It has been demonstrated with enzymes 
from mammalian species that phosphorylase may be converted 
from one form to another by reactions which are themselves 
enzyme catalyzed. One enzyme, from rabbit muscle (2) and 
dog heart muscle (3), catalyzes the conversion of phosphorylase 
a to phosphorylase 6 by removal of inorganic phosphate. This 
enzyme has been termed phosphorylase phosphatase (3). A sec- 
ond enzyme from dog (3) and rabbit (4) muscle catalyzes the 
conversion of phosphorylase 6 to phosphorylase a. The latter 
reaction involves the transfer of phosphate from ATP to the 
phosphorylase molecule, and this enzyme has been named phos- 
phorylase 6 kinase (4) or phosphokinase (3). 

The present paper will describe the extraction and partial 
purification of two analogous enzymes from lobster muscle which 
catalyze the conversion of lobster muscle phosphorylase a to 6; 
and the reverse reaction, that of lobster phosphorylase 6 to a. 
The reactions catalyzed by these lobster enzymes have not been 
studied as thoroughly as those mentioned above for the mam- 
malian species; but, in view of the similarities that have been 
found for the lobster and mammalian enzymes, the names lobster 
phosphorylase kinase and lobster phosphorylase phosphatase will 
be used. 

EXPERIMENTAL 


Methods 


ATP was obtained from Pabst Brewing Company as the 
chromatographically pure salt; other nucleotides were obtained 
from Nutritional Biochemicals Corporation. The sources and 
purity of other chemicals as well as the analytical procedures 
used were described in Paper I of this series (1). Lobster muscle 
phosphorylase a and phosphorylase b were prepared as the pure 
enzymes (1). Rabbit muscle phosphorylase a was prepared free 
of PR enzyme by the method of Cori et al. (5). 


Preparation of Lobster Phosphorylase Phosphatase 


The purification procedure for the rabbit muscle enzyme (PR 
enzyme) did not lead to good recoveries of the lobster muscle 
enzyme; therefore, the method described below was devised. 


* This research was supported by a grant (A-1525) from the 
National Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 

t Senior Research Fellow of the National Institutes of Health. 


Step 1: Extraction of Enzyme—The tail muscle of lobster’ (Ho. 
marus americanus) was removed and ground with 2 parts by 
weight of cold tap water® in a Waring Blendor at high speed for 
1 minute. All subsequent steps were conducted at 0-5° unless 
otherwise noted. The muscle slurry was stored for 30 minutes, 
and then centrifuged for 30 minutes at 7000 r.p.m. The super- 
natant extract was dialyzed overnight against tap water. 

Step 2: Ammonium Sulfate Fractionation—For each 100 ml of 
dialyzed preparation, 20.6 g of (NH4)SO, were added (to 0.35 
saturated in ammonium sulfate). After 5 hours, the mixture 
was centrifuged for 30 minutes at 7000 r.p.m. and the precipitate 
was discarded. For each 100 ml of the supernatant fluid 5.1 g 
of (NH,)SO, were added (to 0.43 saturated). After storage 
overnight, the mixture was centrifuged and the supernatant 
solution was discarded. The large precipitate was suspended in 
0.005 m glycerol phosphate of pH 6.8 (3'5 the volume of the origi- 
nal extract) and dialyzed overnight against the same buffer. 

Step 3: Selective Heat Denaturation—The dialyzed solution from 
Step 2 was held for 10 minutes at 57° (water bath at 65°). The 
preparation was quickly cooled in an ice bath and centrifuged 
to remove a small amount of denatured material. 

Step 4: pH Precipitation—The supernatant solution from Step 
3 was adjusted to pH 5.5 (pH measured with a glass electrode 
pH meter) by addition of 1 m sodium acetate of pH 4.5. After 
10 minutes at pH 5.5, a heavy precipitate was present, and the 
mixture was centrifuged for 5 minutes at 10,000 r.p.m. The 
supernatant fluid was discarded and the precipitate was quickly 
suspended in a small amount of 0.05 m imidazole of pH 7.0 (#5 
the volume of the original extract). 

Step 5: Freeze-Thaw—The solution from Step 4 was frozen at 
—15° and, upon subsequent thawing at 0°, a large, matlike 
precipitate formed. This precipitate was removed by centrifu- 
gation with little loss of enzyme (Table I). However, the en- 
zyme at this stage was less stable to storage either frozen or at 
0° than at Step 4. 


Preparation of Lobster Phosphorylase Kinase 


The tail muscle was removed from lobster' and ground for 1 
minute with 2 parts of cold distilled water in a Waring Blendor 
at high speed. All subsequent steps were conducted at 0-5°. 
The muscle slurry was centrifuged for 30 minutes at 7000 r.p.m. 


' Equally satisfactory sources of muscle were fresh lobsters; and 
the tails removed from lobsters, immediately frozen upon Dry- 
Ice, and stored frozen until used as much as several months later. 

* Metal ions in tap water appeared to activate the enzyme, since 
dialysis against deionized (distilled) water led to preparations of 
lower specific activity at this step. 
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The supernatant extract was made 0.30 saturated in ammonium 
sulfate by the addition of saturated ammonium sulfate solution 
(0°) adjusted to pH 7 with ammonia. The mixture was stored 
overnight before centrifugation. Additional saturated ammo- 
nium sulfate solution was added to the supernatant solution to 
render it 0.35 saturated in ammonium sulfate. After storage 
overnight, the precipitate was packed by centrifugation and the 
supernatant fluid was discarded. A 60% loss of the kinase en- 
zyme was suffered at this point in order to secure a preparation 
nearly free of phosphorylase, since the latter enzyme required a 
higher degree of saturation of ammonium sulfate for precipita- 
tion. The precipitate was suspended in 0.05 m glycerol phos- 
phate at pH 6.8 (75 the volume of the original extract). This 
suspension was centrifuged for 30 minutes at 40,000 r.p.m. in a 
Spinco preparative centrifuge to remove finely divided insoluble 
matter. The supernatant solution was dialyzed against 0.05 m 
glycerol phosphate of pH 6.8, and this was the preparation used 
jn these studies. 


Assay of Phosphorylase Phosphatase 


Activity was measured by the rate of conversion of purified 
lobster muscle phosphorylase a to phosphorylase 6. One unit of 
phosphatase activity was defined as that amount of enzyme 
capable of converting 1 unit of phosphorylase a to 6 per ml of 
reaction mixture per minute at 35°. The reaction mixture was 
composed of 0.1 ml of a solution containing 50 units of phospho- 
rylase a, 0.1 ml of the phosphorylase phosphatase preparation, 
0.1 ml of 0.05 wm MnCl., and 0.7 ml of 0.05 m imidazole buffer of 
pH 6.5. Aliquots of the mixture, 0.1 ml, were routinely with- 
drawn for assay of phosphorylase a content (1) at 4, 5, and 15 
minutes of incubation at 35°. 


Assay of Phosphorylase Kinase 


Activity was measured by the rate of conversion of purified 
lobster muscle phosphorylase 6 to phosphorylase a; 1 unit of 
activity was defined as that amount of enzyme capable of con- 
verting 1 unit of phosphorylase 6 to a per ml of reaction mixture 
per minute at 35°. The reaction mixture was composed of 0.1 
ml of a solution which contained 100 units of lobster phosphory]- 
ase b (1), 0.1 ml of the kinase preparation which had been pre- 
incubated with 0.015 m cysteine at pH 7.5 for 15 minutes, 0.1 
ml of 0.05 m ATP, 0.1 ml of 0.05 m MnCl», 0.1 ml of 1.0 Mm NaF, 
and 0.5 ml of 0.05 m glycerol phosphate buffer of pH 7.5. The 
mixture was incubated at 35°, and 0.1-ml aliquots were with- 
drawn routinely at 4, 5, and 15 minutes for assay of phosphoryl- 
ase a content (1). The dilution of the kinase and the high con- 
centration of glucose 1-phosphate incident to the phosphorylase 
assay were sufficient to stop further action of the kinase at this 
point. 


RESULTS AND DISCUSSION 


Lobster Phosphorylase Phosphatase—The purification of the 
phosphatase was marked by a 4-fold increase in total activity 
(Table I)* and this increase in activity contributed to the appar- 
ent increase in specific activity of 200-fold during the purification. 
The enzyme preparation after Step 5 was free of phosphorylase, 
phosphorylase kinase, AMP deaminase, and any phosphatase 


* Phosphate and lactate ions which inhibit the phosphatase were 
present in the muscle extract and the loss of these inhibitors dur- 
ing dialysis might account for the increased activity noted after 
the first two steps. 
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Step | Enzyme | Protein ae 
units | me units/mg 
1. Crude extract 104 ~=——s-12, 480 0.008 
After dialysis 11,660 0.015 
2. Ammonium sulfate precipi- 224 | 1,270 0.19 
tation and dialysis | 
3. Selective heat denatura- 382 Ci 1,090 0.36 
tion | 
4. pH precipitation = sa 730 0.54 
5. Freeze-thaw 360 | 176 2.04 
TasB_e Il 
Inhibitors of lobster phosphorylase phosphatase 
Compound Concentration Inhibition 
Glycerol phosphate... | 0.015 100 
Sodium fluoride......__. 0.01 | 100 
Sodium fluoride .. 0.001 | 0 
1 xX 10-5 | 75 
| 25 


Pyridoxal phosphate __. 


capable of acting upon AMP or glucose l-phosphate. Phospho- 
rylase phosphatase catalyzed the complete conversion of phos- 
phorylase a to phosphorylase 6 (Fig. 1), and optimal activity in 
0.05 m imidazole buffer was at pH 6.5. The enzyme was inhib- 
ited by glycerol phosphate, ammonium sulfate, EDTA,‘ sodium 
fluoride, and AMP® (Table II and Fig. 2). The phosphatase 
was not inhibited by glycogen and only slightly by 5 k 10-5 m 
pyridoxal phosphate. 

The phosphatase of lobster was not activated by cysteine; 
however, it was activated by Mn**, Mg**, Co**, Pb**, or Zn**. 
For example, a purified preparation of phosphatase that had been 
dialyzed against 0.005 m EDTA was active, but the activity was 
increased by 0.005 m Mn**, slightly inhibited by 0.01 m EDTA, 
and completely inhibited by 0.1 m sodium fluoride (Fig. 2). 

In a number of ways the lobster phosphorylase phosphatase 
resembles the corresponding enzyme from rabbit muscle. Both 
enzymes convert an active form of phosphorylase to a form that 
requires AMP for activity (phosphorylase b); both have their 
activity increased by a variety of divalent cations; and both are 
inhibited by the same types of compounds (sodium fluoride, 
EDTA, phosphates, and sulfates). Furthermore, the lobster 
phosphatase was able to catalyze the conversion of rabbit muscle 
phosphorylase a to b (Fig. 3), and the rabbit phosphatase cata- 
lyzed the conversion of lobster muscle phosphorylase a to 6 (1). 

Lobster Phosphorylase Kinase—A 7-fold increase in specific ac- 
tivity of the kinase was produced by the ammonium sulfate frac- 


* The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 

§’ Since AMP also was used in the assay of phosphorylase ), it 
should be pointed out that the amount of AMP (1 X 10~§ m) used 
to inhibit the phosphatase in this particular experiment did not 
influence the assays for phosphorylase a and b, since the latter 
assays required 200-fold greater amounts of AMP (2 X 1073 m) 
for activation of phosphorylase b. 
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UNITS / ML. 


5 
INCUBATION TIME 


Fic. 1. Action of phosphorylase phosphatase on phosphorylase 
a. Purified lobster phosphorylase a, 50 units, and 9 units of phos- 
phatase were incubated together at 35° in 2 ml of 0.05 m imidazole 
buffer at pH 6.5. Incubation mixture was assayed (1) for phos- 
phorylase a (O———O) and phosphorylase b (+- --+). 


(MINS.) 


30 
INCUBATION TIME 


Fig. 2. Activators and inhibitors of phosphorylase phospha- 
tase. @——®@, (a) phosphatase incubated at 35° with lobster 
phosphorylase a in 0.02 m imidazole at pH 6.5; O——O, (0) as 
for (a) but in the presence of 0.01 m ethylenediaminetetraacetic 
acid; +——-+, (c) as for (a) but in the presence of 0.1 m NaF; 
O——O, (d) as for (a) but in the presence of 0.005 m MnCl». 
Assays were for phosphorylase a. 


PHOSPHORYLASE UNITS 
o 
2 


i j i 


90 


tionation described in “Methods.” The preparation contained 
only a small amount of phosphorylase (30 units per ml) and was 
free of phosphatases that could act upon ATP or glucose 1-phos- 
phate. Phosphorylase phosphatase was present but was com- 
pletely inhibited by 0.1 m sodium fluoride, which did not affect 
the kinase. 

Phosphorylase kinase had maximal activity in glycerol phos- 
phate buffer at pH 7.5, and was activated by cysteine. This 
enzyme was inactive in the absence of ATP or Mn**, but in 
the presence of both ATP and Mn** the formation of phospho- 
rylase a from phosphorylase b proceeded rapidly (Fig. 4). The 


requirement of this reaction for ATP was highly specific, and 
ITP, UTP, AMP, GMP, CMP, IMP, or UMP could not replace 
ATP. The requirement for Mn** also was specific, and Mn** 
could not be replaced by Ca++, Ba**, Cd**, or Pb**. 


Mg** 
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Fic. 3. Action of lobster phosphorylase phosphatase on rabbit 
muscle phosphorylase a. Rabbit phosphorylase a (free of PR), 
50 units, and 10 units of lobster phosphorylase phosphatase were 
incubated together at 35° in 1 ml of 0.05 m imidazole buffer at pH 
6.5. Incubation mixture was assayed for phosphorylase a 
(O——©O) and phosphorylase b (+---+) by the procedure of 
Cori et al. (6). 
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Fic. 4. Dependence of kinase activity upon ATP and Mn**. 
Purified lobster phosphorylase 6, 140 units, was incubated at 35° 
with 2.4 units of kinase in 0.005 m cysteine and 0.02 m glycerol 


10 2 
INCUBATION TIME 


phosphate at pH 7.5. Total volume was1.0ml. Phosphorylase a 
content was assayed after various intervals of incubation. 
O—-—O, incubation mixture supplemented with MnCl, to 0.005 
m at 5 minutes (no ATP); +--—-+, incubation mixture supple- 
mented with ATP to 0.005 m at 5 minutes (no Mn**); O——O, 
incubation mixture supplemented with both ATP and MnCl, to 
0.005 m at 5 minutes. 


(0.005 m) activated the enzyme to 30% of the activity attained 
in the presence of the same concentration of Mn**. 

An experiment was designed to eliminate the possibility that 
the conversion of phosphorylase 6 to a depicted in Fig. 4 might 
be merely an activation of phosphorylase b by ATP or its possible 
degradation product, AMP. In this experiment, 1450 units of 
purified phosphorylase b were incubated with phosphorylase 
kinase, Mn**, and ATP. After 90 minutes, the phosphorylase 
assay indicated that 71% of the phosphorylase 6 had been con- 
verted to phosphorylase a. The phosphorylase of the reaction 
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mixture was precipitated with ammonium sulfate (to 0.5 satu- 
rated). The precipitated phosphorylase was dissolved in 0.05 m 
glycerol phosphate of pH 6.8 and dialyzed extensively against 
the latter buffer. (This treatment would remove any ATP or 
AMP.) Upon assay for phosphorylase, it was found that the 
enzyme was still 72% phosphorylase a and the recovery of phos- 
phorylase was 1000 units or 70% of the 1450 units of phospho- 
rylase 6 used in the experiment. 

Earlier observations (7) indicated that rabbit muscle phospho- 
rylase b was converted to phosphorylase a upon incubation with 
crude lobster muscle extracts. Subsequent tests with the par- 
tially purified lobster phosphorylase kinase described in this 
paper did not show any capacity of this enzyme to convert puri- 
fied rabbit phosphorylase 6 to a. The rabbit phosphorylase 6 
for these latter tests had been freed of traces of rabbit phospho- 
rylase kinase by the method of Krebs and Fischer (8). It is 
quite possible that rabbit phosphorylase } used in the earlier ex- 
periments (7) contained small amounts of rabbit phosphorylase 
kinase which could account for the observed formation of phos- 
phorylase a. 


SUMMARY 


An enzyme was extracted and extensively purified from lobster 
muscle, which catalyzed the conversion of lobster muscle phos- 
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phorylase a to b. It was activated by such metal ions as Mn** 
or Mg** and was completely inhibited by 0.1 m sodium fluoride. 
This lobster enzyme also could convert rabbit muscle phospho- 
rylase a to b. 

A second enzyme from lobster muscle was capable of convert- 
ing lobster muscle phosphorylase b to a. This enzyme required 
cysteine, Mn**, and adenosine triphosphate for activity. 
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That mercapto-mercapto (or SH—SH) interactions take place 
in a hemoglobin molecule became apparent in a mercurimetric- 
amperometric titration of human hemoglobin C (2). There are 
8 silver binding sites' in hemoglobin C and 8 mercury ions are 
also bound per molecule? at 38°. At 0°, the 4 easily titratable 
groups are accessible to the ligands. The 4 inaccessible groups 
which become titratable at 38° have a lower affinity for the 
titrating agents than the easily titratable ones denoted as 1, 2, 3, 
and 4. These designations are used for convenience to denote 
those heavy metal ion binding sites at the periphery of the 
diagrams in references (2, 3), the “inner” set of groups which 
become titratable at 38° are designated as 5, 6,7, and 8. The 
inaccessible groups 5, 6, 7, and 8 of hemoglobin C seem to behave 
as a single set of binding sites with cooperative interaction be- 
tween them. The uptake ofthe ligand by group 5 seems to 
make it easier for the next to come on to group 6and soon. The 
interaction constant m is about 3 for those mercury binding 
sites which become accessible at 38°. The mercapto-mercapto 
interaction is evaluated from the equation 


y = Ku/(1 + Am™) (1) 


where y = the fractional saturation of binding groups with 
respect to the ligand; m = the concentration of unbound ligand; 
K = the association constant and m = the mercapto-mercapto 
interaction constant (n will be reserved for the heme-heme 
interaction, the Hill’s constant). When m = 1, this corresponds 
to no interaction between binding sites. By rearrangement, 


y/(l — y) = Ku (2) 


* An abstract of this paper has been published (1). This re- 
search was carried out in part during the tenure of a Special 
Research Fellowship from the National Cancer Institute. 

+t Present address, National Institutes of Health, Bethesda 14, 
Maryland. 

‘The mercapto groups are defined operationally; the silver 
binding site and —SH or the sulfhydryl groups is used inter- 
changeably. The present usage of the terms mercapto-mercapto 
interaction and SH—SH interaction refers to interactions between 
Ag-Tris complex binding sites. 

2 Although native hemoglobin C binds 8 Ag* and 8 Hg** at 38°, 
upon denaturation 8 Ag* but only 6 Hg** are bound. Hemoglobin 
A binds 8 Ag* and 6 Hg** at 38° either in the native state or 
denatured. In the instance of sickle cell hemoglobin there are 8 
Ag-Tris binding sites but only 5 Hg** are bound in the native 
state. Upon denaturation the results are the same as for the 
other adult form of hemoglobins, i.e. 8 Ag* and 6 Hg** are bound. 


or on taking logarithms of both sides of Equation 2: 
log [y/(1 — y)] = m log m + log K (3) 


A plot of log |y/(1 — y)]) against log Mm gives a straight line with 
slope m of about 3 for those heavy metal binding sites which 
become titratable at 38°. However, upon the addition of dodecy! 
sodium sulfate (400 molecules per 4 Fe), the interaction constant 
m becomes about 1, and the interaction then vanishes. Similar 
observations are reported for dog hemoglobin (4). The affinity 
for the heavy metal ion is increased on denaturation, and an 
increase of about 4-fold in the affinity constant is observed when 
the dog hemoglobin is denatured with dodecyl sodium sulfate 
(400 molecules per 4 Fe). This difference in the combining 
power of mercuric ion for mercapto-mercury complex formation 
requires that the energy barrier due to steric hindrance be re- 
duced by about 0.9 kilocalorie mole (4). It is suggested that 
the mercapto-mercapto interaction appears to arise from steric 
hindrance. 

The main object of the present report is to study the function 
of the heavy metal ion binding sites of the normal human hemo- 
globin. Although the interactions of divalent mercuric ion 
binding sites are readily observed, an adequate interpretation 
for such data appears difficult. Consequently the ligand chosen 
for the study is the monovalent silver-Tris complex. There are 
8 silver-Tris complex binding sites in the normal human hemo- 
globin; 6 of them are undoubtedly sulfhydryl groups but the 
nature of the 7th and Sth site is still not clear (5, 6). Accord- 
ingly, the interaction constants for silver binding sites 1, 2, 3, 
and 4 (my,) as well as silver binding sites 5, 6, 7, and 8 (my) are 
presented. It should be pointed out that a more sensitive 
galvanometer® is used for the investigation; then argentometric- 
amperometric titration data become amenable to further analyses 
so that the mercapto-mercapto interaction constants of the 
easily titratable sites (mpg) as well as the sterically hindered 
“inner” sites (m;) could be evaluated. Also the titrations are 
carried out as a function of temperature from 0 to 40° at about 
5° intervals. The extent of binding and the interaction constants 
of the silver-Tris complex binding sites are obtained from the 


*A Cambridge galvanometer (No. L2635557) with an universal 
Ayrton shunt was used. The sensitivity is 0.0002 wa per mm at 
1 meter distance. A high sensitivity spotlight galvanometer of 
Rubicon Company, Philadelphia, Pennsylvania with the sensi- 
tivity of 0.0006 wa per mm may be used with the matched com- 
pensated Ayrton shunt. 
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data. The affinity constant for Ag-Tris complex with respect 
to the silver binding sites is determined; it is the logarithm of 
concentration of unbound silver-Tris complex (simply designated 
by [Log Ag*] Free) in the presence of protein silver complex 
half saturated with it. 

The results presented suggest that the underlying mechanism 
of the interaction between heavy metal binding sites might be 
related to the structure and function of the hemoglobin molecule 
as is the heme-heme interaction. In the native molecule the 
extent of binding increases with the temperature and the mer- 
capto-mercapto interaction constant also increases with the 
temperature. But both of these interactions vanish when the 
molecule is denatured; the mercapto-mercapto interaction is 1 
for the denatured molecule from 0 to 40°; the results suggest that 
the interaction of silver binding sites is due to steric hindrance. 


EXPERIMENTAL 


The methods and materials are essentially the same as pre- 
viously described (2, 4). The hemoglobin solutions used were 
prepared from fresh specimens obtained from a blood bank. 
The red blood cells were washed four times in a large volume 
of 0.9% sodium chloride. After the final centrifugation, an 
equal volume of water was added to the packed cells in order to 
lyse the cell by an osmotic shock. Then the hemolysate was 
dialyzed against a large volume of deionized water. The last 
trace of electrolytes was removed from the solution by elec- 
trodialysis. The hemoglobin concentration was determined 
spectrophotometrically. An aliquot was converted to cyan- 
methemoglobin and its optical density determined in a l-cm 
Corex Beckman cell at 40 my in a Unicam or a Beckman DU 
spectrophotometer. A molecular extinction coefficient of 11.5 x 
10° at 540 my and a molecular weight of 16,500 per heme are 
adopted for the calculations (7). 

The argentometric-amperometric titrations were performed 
in 30 m! of pH 7.4 Tris buffer (8). The buffer was thermostatted 
in a cell as previously described (2,4). The temperature of the 
buffer was determined by inserting a thermometer directly into 
the solution. Either pure nitrogen or helium‘ was passed 
through a train of wash bottles to saturate it with water vapor. 
The buffer was protected from atmospheric oxygen with a Teflon 
cover which has appropriate holes for the rotating platinum wire 
electrode, the agar-K NO, bridge, the delivery tip of the micro- 
burette, and the nitrogen delivery tube. When the buffer was 
completely deoxygenated the nitrogen delivery tube was adjusted 
so that it would no longer bubble through the solution but just 
impinge on the surface. Then the hemoglobin solution was 
added from a self-adjusting micropipette (9). The solution was 
allowed to equilibrate before the titration was started. In all 
titrations 20 microliters of 5 & 10~-* m silver nitrate solution were 
added at 1-minute intervals. A total of at least 400 microliters 
of the titrating agent were used in each titration. 

A more sensitive galvanometer® was used for the present study 
in order to determine the diffusion current due to an extremely 
minute amount of unbound silver ion. In amperometric titra- 
tion, it is generally known that the current against the volume 
of titrating agent added is not reproducible, thus, it is not a 
practice to employ a mathematical equation nor a standard 
reference curve in order to calculate the relationship between 


‘Nitrogen, prepurified from Matheson Company, Inc., East 
Rutherford, New Jersey, or grade A helium gas from Amarillo 
Helium Plant, Bureau of Mines, Amarillo, Texas. 
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the concentration of diffusible ion and the current observed. 
However, it was found that when the titrating vessel is ade- 
quately thermostatted, and the galvanometer readings made at 
a regular interval, the titration curve well beyond the equivalence 
point (in the region where the hemoglobin molecules are saturated 
with the ligand, i.e. in the region of y = 1.0) can be considered 
as a built-in calibration curve. In principle, it is essentially the 
same as the calibration by standard addition in polarography 
(10). If and when the increment addition of the titrating reagent 
does not vield an expected proportional increase in the current, 
or the galvanometer readings are erratic, then the result of 
titration ought to be discarded. The method gives the calibra- 
tion curve under the identical conditions and concentration of 
the protein under investigation. This is important, since the 
protein concentration is known to influence the diffusion current 
in the amperometric titration. 

Calculation of Fractional Saturation, y, Extent of Binding, 
and Mercapto-Mercapto Interaction Constants—From the volume 
of the standard silver nitrate solution added, the total amount 
of ligand added is calculated for each increment. The relation- 
ship between the diffusion current to the concentration of the 
free (or unbound) ligand is obtained from the built in calibration 
curve as described above; the current observed at each increment 
of silver nitrate may be converted into amount of unbound (or 
free) silver ion. The total silver ion added minus the amount 
bound to the hemoglobin molecule gives the free silver ion. The 
number of silver ions bound to hemoglobin is obtained from the 
ratio of the maximum amount of silver ion bound per 4 Fe to the 
amount of hemoglobin used in the titration; (the calculated 
number of silver bound per 4 Fe ought to agree well with the 
number obtained from the usual graphical method of calculation). 
The fractional saturation is obtained from the ratio of the 
calculated amount of silver ion bound at the each increment 
addition of silver nitrate to the maximum amount bound (in the 
region of y = 1.0). The unbound silver ions is expressed as 
moles per liter. Then finally, the calculated data are plotted 
according to Equation 3. The initial slope is the me and the 
second slope gives the interaction constant my. 


RESULTS 


The normal human hemoglobin in 8 m urea or dodecyl sodium 
sulfate (400 molecules per 4 Fe) gave essentially the same results 
throughout the temperature range investigated. The over-all 
average affinity constant (as pK) for 9 duplicate determinations 
is 6.5 + 0.11. When the points are plotted according to Equa- 
tion 2 they follow the theoretical binding curve with no interac- 
tion between the binding sites; the mercapto-mercapto interac- 
tion constant is 1.0 (see dashed curve in Fig. 1). 

In the native hemoglobin solutions, i.e. in the solution which 
was electrodialyzed in the process of “purification,” the extent 
of binding® and the degree of mercapto-mercapto interactions 
depend upon the temperature of the solution. As already stated, 
the mercapto-mercapto interaction constant m is determined 
from the slope of the curve, as Equation 3 indicates. The 
slopes from the curves obtained at 0, 27, and 38° are shown in 
Fig. 2. That there are two sets of binding sites and two inter- 
action constants for a given curve is apparent from Fig. 2. The 
mercapto-mercapto interaction constant for the easily titratable 
set is designated mg and the inaccessible set m,; (see Table 1). 


’ The extent of Ag binding is essentially the same at pH 7.4, 
9.0, and 10.0 (for pH 10.0 results see (3)). 
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Fic. 1. Plots of the fractional saturation against log [Ag*] un- 
bound at temperatures indicated for the denatured and the native 
human hemoglobin solutions. The dashed (---) curve is the 
average of the binding data for the denatured molecule from 0 to 
40°; the curve appears to be symmetrical. For the native mole- 
cules the extent of binding increases from 4 Ag* per molecule at 
0 to 8 Ag* per molecule at 38°. The binding curves for the native 
molecules do not appear symmetrical. 
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Fia. 2. Plots of log [y/(1 — y)] against log [ag*] unbound at the 
temperatures indicated and pH 7.4 in solution of denatured and 
native human hemoglobin. The degree of interaction is indicated 
by the slope of the curve. When the molecule is denatured all 
the binding sites appear to be independent and the slope of the 
curve (X———X) indicates no SH—SH interaction; this curve is 
the average of the data obtained in the temperature range from 0 
to 40°. For the native human hemoglobin, data obtained at 0, 
27, and 38° are shown. It is apparent that there are 2slopes. At 
0° the easily titratable set of SH’s are available; the slope appears 
to be about 0.7 due to partial steric hindrance; the slope is 0 for 
the set of SH’s not titratable due to complete steric hindrance. 
The slopes for the 27° curve are 0.5 and 1.2; for the 38° curve, the 
slopes are 1.2 and 3.3 indicating strong interactions between the 
silver-binding groups. 


It is still not known how the interaction constant of the heavy 
metal binding sites of the hemoglobin molecule change with the 
age of the solution. Thus, a set of data which resulted from 
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titrations made in duplicate from a fresh specimen are shown in 
Fig. l and Fig. 2. In agreement with the previous finding (3, 6) 
there are 8 silver-Tris binding sites (Fig. 2). The interaction 
constant for the easily titratable set is about 1.2 and the inaccessi- 
ble set is about 3.3 (note the slopes in Fig. 2). At 40°, 8 silver 
binding sites behave essentially the same as they do at 38°, 
However, the interaction constants are larger than those at 38°; 
1.4 and 4.0 for the easily titratable and the inaccessible set, 
respectively. At about 42° the protein is heat denatured, thus 
the result is indeterminate. 

The average affinity constant is designated pK; this is the 
negative logarithm of concentration of unbound silver ion in the 
presence of half-saturated silver-hemoglobin complex; i.e. when 
4 sites are bound. Since it is reasonable to assume that there are 
4 binding sites to the easily titratable set, so pKe is the negative 
logarithm of concentration of unbound silver ion in the presence 
of silver-hemoglobin complex with 2 sites bound. Similarly, the 
affinity constant for the “inner” or the inaccessible set, pK, is 
the negative logarithm of concentration of unbound silver ion 
in the presence of the heavy metal-hemoglobin complex with 6 
sites bound by silver ions. The results are summarized in 
Table I. 


DISCUSSION 


The present investigation of interactions of silver binding 
sites in the normal human hemoglobin molecule at various tem- 
peratures from 0 to 40° at about 5° intervals give substantial 
data to support the views previously presented (2, 3) that the 
heavy metal binding sites (designated SH 5, 6, 7, and 8) of the 
normal human hemoglobin do interact cooperatively (1). The 
present findings also agree well with the amperometric titration 
data of the native and denatured dog hemoglobin wherefrom 
it was concluded that the mercapto-mercapto interaction might 
be due to steric hindrance (4). 

It appears that the mercapto-mercapto interaction is closely 
related to the heme-heme interaction. The mercapto and the 


Taste I 


Mercapto-mercapto interaction constants and affinity constants for 
silver ion as function of temperature 


Ag/Hb-A | pKe pK pKi mer mi 
0 4 | 6.7 | 6.0 | Indeter- 0.7 0 
| min- | 
| able | 
4 5 57 | 4.6 | Indeter- 1.0 | Indeter- 
| min- min- 
| able able 
12 & | 63 | 4.4 | Indeter- | 0.8 | Indeter- 
| min- min- 
able able 
7 | 6 | 6s | 648 Indeter- | 0.5 | Indeter- 
| | | min- min- 
| | | able | able 
22 | 5 | 5.4 4.8  Indeter- 1.0  Indeter- 
| |  min- | min- 
| | | able able 
7 | 6 | 5&5 | 5.0 4.5 0.5 | 1.2 
320 7 4.9 | 4.7 | 09 | 2.4 
3 | 8 | 58 | 54 | 5.0 12 | 3.3 
o | 8 | 58 | 56 | 52 | 14 | 4.0 
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heme groups might be similarly located within the hemoglobin 
molecule and they have a close association between them. That 
there is a close association between the heme-heme interaction 
and the mercapto groups was reported by Riggs (11) who showed 
that SH blocking agents influence the oxygen affinity of the 
human hemoglobin. ’ 

Both the heme and the mercapto groups are believed to be 
buried below the surface of the molecule; this fact appears to be 
in agreement with the steric hindrance theory. The x-ray 
diffraction study of horse hemoglobin by Blow (12) provides 
direct evidences that the heavy metal binding sites are about 
10 A below the surface of the molecule. Davidson and Gold 
(13) investigated the relaxation time of water protons in ferri- 
hemoglobin solution; they concluded from their findings that 
the Fe atoms are about 5 to 10 A below the surface of the hemo- 
globin molecule. 

In order for the mercapto groups to interact they must be 
near neighbors in the hemoglobin molecules. In fact many of 
them are in pairs which are close enough so that 1 mercury atom 
can be bound between them (1, 2, 3) forming S—Hg—S linkages. 
In this linkage the centers of the sulfur atoms are separated by 
twice the covalent Hg—S bond distance, i.e. by 5.60 A. Further- 
more, Perutz et al. (14, 15) have shown that the molecules of 
horse and human hemoglobin possess a diad axis of symmetry. 
X-ray diffraction measurement of horse hemoglobin with 4 
equivalents of silver atoms* showed only one slightly elongated 
peak in the electron density map for each pair of silver atoms 
indicating that the two silver binding sites must be close together. 

The mercapto-mercapto interactions as well as the heme-heme 
interactions appear to depend upon the specific spatial structure 
(the conformation) of the peptide chains of the molecule because 
upon denaturation both interactions vanish. St. George and 
Pauling (16) found that the affinity of hemoglobin for alkyl 
isocyanides depends on the size of the alkyl groups’ (the larger 
the residue, the lower the affinity), and concluded that the heme 
groups are buried within the protein. A similar suggestion for 
the mechanism of the heme-heme interaction was made by 
Wyman (17), who suggested that the large energy of heme-heme 
interaction is associated with a substantial decrease in entropy 
produced by structural alterations in the protein which accom- 
pany oxygenation. According to these similar suggestions it is 
believed that oxygenation of one heme loosens the structure so 
that a second heme can more easily bind oxygen, and so on. It 
appears that the mercapto-mercapto interaction in the human 
hemoglobin might be similar to the mechanism of the heme- 
heme interaction, in that the interaction appears to be due to 
steric hindrance. In this connection it should be mentioned that 
Pauling’s steric hindrance theory of heme-heme interaction in 
hemoglobin provides an obvious explanation of the action of 


*In the myoglobin crystal 2 Ag* ions per myoglobin molecule 
are bound, although this protein has no sulfhydryl groups or 
cystine in any form. This is not to be confused with the Ag-Tris 
complex which binds free sulfhydryl groups in solution. Myo- 
globin under the condition of the argentometric-amperometric 
titration does not bind any silver-Tris complex. 

’ The affinity seems to depend on the size of the alkyl groups in 
the instance of alkyl isocyanide. In the present study the size of 
the ligand remains the same throughout; only silver-Tris complex 
isused. The change in its affinity constant is inferred to depend 
on the difference in the steric hindrance with respect to the bind- 
ing sites. The increase in the affinity for silver-Tris complex in 
the present study results from the opening up or loosening of the 
polypeptide chains about the binding sites. 
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oxygen in preventing the sickling of sickle-cell anemia erythro- 
cytes as well as the gelling of the sickle cell hemolysates (16). 
The sickling and the gelling process has been visualized as one 
in which complementary sites on adjacent hemoglobin molecules 
combine. It was suggested that oxyhemoglobin and carbon- 
monoxyhemoglobin do not aggregate because of steric hin- 
drance of the attached oxygen or carbon monoxide “wedge.” 
This steric hindrance effect might distort the complementary 
sites by forcing apart layers of protein, thus altering the con- 
formation of the molecule. The SH blocking agents appear to 
prevent sickling by essentially the same mechanism as those 
ligands which bind the heme groups—by pushing apart the 
protein part of the molecule in the vicinity of the mercapto 
groups (which are below the surface of the molecule). 

Dialysis of hemoglobin solution against water is known to 
produce considerable conformational changes, 7.e. alteration 
of the molecular architecture. The dynamic conformational 
changes take place so that the loosening of the structure occurs 
through the operation of electrostatic repulsive forces between 
the similarly charged portions of the molecule. In the presence 
of salt, the conformational changes take place so that these 
repulsive forces are diminished by the ion atmosphere which 
surrounds the charged groups (16). The loosening of the protein 
structure would make imbedded heme groups as well as the silver 
binding sites within the molecule more accessible to the ligand. 
Accordingly the hemoglobin solution used in the present investi- 
gation was necessarily electrodialyzed in order to make the 
maximum number of silver-Tris complex binding sites available 
for the purpose of the study, i.e. the interactions between them. 
When the hemolysate is used, only about 4 silver binding sites 
are titratable (3). These are important points to consider when 
interpreting the reactivity of functional groups which are buried 
below the surface of the molecule. 

It was observed that the deoxygenated sickle cell hemolysate 
has a negative temperature coefficient of gelation, i.e. it gels at 
38° but liquefies reversibly when cooled to 0° (3). The observa- 
tion is interpreted to mean that a dynamic conformational change 
of the peptide chains take place. Furthermore, another indica- 
tion of architectural alteration of the hemoglobin molecule 
appears to be reflected by the change in the number of silver-Tris 
complex binding sites with the temperature’ in dialyzed hemo- 
globin solution. It is also interesting to note in this connection 
that Riggs (11) reported that sickle cell hemolysate loses the 
property of gelling after dialysis. 


* The cow hemoglobin appears to be an exception because the 
number of titratable —SH groups decreases on increase of temper- 
ature (4). But the dynamic conformational change could be in 
this instance such that the —SH groups become sterically hin- 
dered by the protein part of the molecule. Calculations of en- 
thalpy and entropy of binding: From the equations for the free 
energy changes at 27°, itis possible to deduce expressions (18) for 
the enthalpy and entropy changes accompanying the formation of 
the respective protein silver complexes by standard thermo- 
dynamic procedures. The enthalpy change for the binding proc- 
ess is calculated from 


AH = RT*(d In K/dT) 


AH amounts to about 4 kilocalories mole. And the free energy 
change at 27° amounts to about —7 kilocalories mole. Thus, the 
entropy change is positive 35 calories degree“! mole. This 
suggests that the degree of freedom is increased; probably the 
water molecules of hydration may be set free when —S—Ag link- 
ages are formed (20). Also Tris molecules are set free. 
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In the previous report on the mercurimetric-amperometric 
titration of dog hemoglobin, it was shown that the affinity for 
the heavy metal ion is increased on denaturation; an increase 
of about 4-fold in the affinity constant is observed when the dog 
hemoglobin is denatured. This difference in the combining 
power of mercuric ion for mercapto-mercury complex formation 
requires that the energy barrier due to steric hindrance be about 
0.9 kilocalorie mole~ greater for the native than for the denatured 
hemoglobin (15). It is calculated by the standard procedure (18) 


AF = —RT AK (4) 


where R, the gas constant = 1.987 calories mole! degree~', and 
AK is the increment in the combining constant for the native to 
the denatured protein. From the data presented in Table I it 
can be calculated that the energy barrier due to steric hindrance 
is reduced by about 2.2 kilocalories mole. Similar reduction 
in the energy barrier due to steric hindrance with respect to the 
silver-Tris binding sites takes place when the large ligand, 
nitrosobenzene (which binds the Fe of the heme groups in the 
hemoglobin), is used to wedge the molecule open. In this case 
the steric hindrance energy with respect to the heavy metal 
binding sites is by reduced by about 1 kilocalorie mole at room 
temperature (19). These findings help to support the view that 
there is a close association between the heme groups and the 
mercapto groups. Finally, as the steric hindrance effect is 
postulated for the heme-heme interactions, it seems that the 
data presented in this study further support the view that the 
mercapto-mercapto interactions are due to steric hindrance.*: ' 


®* The reader is reminded of the fact that when the interaction 
constant is greater than 1, it is assumed that a cooperative inter- 
action takes place between pairs of SH’s, i.e. that the second Ag* 
is bound more tightly than the first because the presence of an 
adjacent site combined with Ag* assists in uptake of a second 
Ag*. Thus, it can be said that a cooperative interaction between 
binding sites may be due to steric assistance. Then it might be 
added that when the interaction constant is less than 1, this re- 
sults from steric obstruction. The apparent paradox vanishes if 
one recalls the classical definition of steric hindrance, which is 
due to ‘‘the purely mechanical interference of bulky and impene- 
trable atoms.’’ The steric assistance results when the ligand is 
able to overcome the energy barrier due to steric hindrance and 
now it can act as a wedge, thus assisting the subsequent ligand to 
enter into the protein molecule. 

1° Allison and Cecil (5) reported on their findings on the —SH 
groups of normal human hemoglobin. Their data are in agree- 
ment with those already reported by other investigators (2, 6, 8, 
21). They reported in agreement with Ingram’s (21) data that 
adult human hemoglobin molecule binds 4 Ag per 4 Fe and that 2 
Hg atoms are bound per 4 Fe. The remainder of the binding 
sites are sterically hindered. After denaturation with dodecyl 
sodium sulfate, Ingram found that 8 Ag atoms are bound per 4 Fe 
whereas only 6 Hg atoms are bound per molecule. These reports 
suggest that there are 2 sets of silver-Tris binding pairs which are 
close neighbors and their relationships seem to be invariant under 
the transformation. Due to steric reasons only 6 phenyl mercuric 
nitrate are bound per molecule of adult hemoglobin. Similarly, 
Ingram (21) showed that 6 p-chloromercuribenzoate molecules can 
effectively block 8 Ag binding sites after denaturation. It is 
interesting to note that according to the present report, the 8 
silver-Tris complex binding sites of denatured human hemoglobin 
seem to be independent and that they have the same intrinsic free 
energy of binding, thus the 8 sites appear to be equivalent. 
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SUMMARY 


1. The silver - tris(hydroxymethyl)aminomethene complex 
binding sites of normal human hemoglobin interact in a manner 
similar to heme groups. The mercapto-mercapto (or SH—SH) 
interactions of the normal human hemoglobin molecule seem to 
be closely associated with the heme groups. 

2. The mercapto-mercapto interactions, like heme-heme inter- 
actions, seem to depend upon the specific structure of the protein 
part of the molecule because, upon denaturation, these interac- 
tions vanish. 

3. In normal human hemoglobin molecule there are two sets of 
mercapto groups (or of silver-tris(hydroxymethyl)aminomethane 
complex binding sites). The easily titratable set has an inter- 
action constant which is equal to 1 or less than 1 below 32°; it 
is about 1.2 and 1.4 at 38° and 40°, respectively. The “inner” 
set of silver binding sites interact more strongly; the interaction 
constant increases directly with the temperature; it is about 
1.2 at 27°; and it is as high as 4 at 40°. 

4. The extent of binding of silver-tris(hydroxymethyl)amino- 
methane complex increases with the temperature. The maxi- 
mum of 8 ligands per molecule are bound at 38 through 40°. 
This increase is accompanied by an increase in the mercapto- 
mercapto interaction constants. 

5. The data presented suggest that the peptides of the molecule 
undergo dynamic conformational changes with the temperature. 

6. A discussion on the nature of the interaction between bind- 
ing sites for silver-tris(hydroxymethyl)aminomethane complex 
(mercapto-mercapto interactions) in normal human hemoglobin 


is presented. 
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Recently we have reported on a hitherto unknown modifies- 
tion of human serum albumin of which the outstanding proper- 
ties are electrophoretic homogeneity at pH 4.0 and its transfor- 
mation to an electrophoretically heterogeneous form (2). In 
continuation of this study, the question was asked whether the 
ordinary human serum albumin (Fraction V), known to be 
electrophoretically heterogeneous at pH 4.0 (3), could be trans- 
formed to an electrophoretically homogeneous form 

Serum albumin, when studied at pH values acid to its isoelec- 
tric point, exhibits several physicochemical abnormalities, such 
as the appearance of a multicomponent system on electrophoresis 
(3-8): changes of sedimentation and diffusion constants (9-12) 
and of viscosity and optical rotation (9, 12, 13); and the expan- 
sion of the molecule (11, 14). In the present study a particular 
aspect of one of these physicochemical changes was investigated 
extensively, namely the behavior of this protein in pH 4.0, ['/2 
0.1 buffers as observed on free moving boundary electrophoresis. 
The reasons for selecting these conditions are the pronounced 
heterogeneity at pH 4.0 and the easier interpretation of the elec- 
trophoretic analyses performed at ionic strength of 0.1. 

The electrophoretic behavior of serum albumin at pH 4.0 has 
heen investigated at low ionic strength and at low protein con- 
centration by Aoki and Foster (7,8). The obtained data were 
interpreted as a configurational isomerism, ¢.g. the “normal” or 
“native” form binds H-ions that results in a faster moving, pre- 
sumably higher charged form of albumin. These two modifiea- 
tions are in equilibrium with each other within a pH range from 
45 to 3.5. Phelps and Cann (4-6) studied albumin solutions at 
higher ionie strengths and protein concentrations and considered 
the different electrophoresis patterns as a result of a specific in- 
teraction between albumin and the undissociated organic acids 
(3). The apparent paradox that a two-component equilibrium 
system can manifest itself in two moving boundaries on free clee- 
trophoresis, provided that the time of electrophoresis ts less than 
the half-time of the reactions, has recently been resolved (16, 


* This is publication No. 261 of the Robert W. Lovett Memorial 
Unit for the Study of Crippling Disease, Harvard Medical School 
at the Massachusetts General Hospital, Boston. This study was 
aided by grants from the Lilly Researeh Laboratories, Eli Lilly 
and Company and from the National Institute of Arthritis and 
Metabolic Diseases (Grant no. A-2288) of the United States Publie 
Health Service. A preliminary note of this work has been pub- 
lished (1). 

' This work was done during the tenure of an Established In- 
vestigatorship of The Helen Hay Whitney Foundation. 
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The aim of this paper is to present the results of a systematic 
study on the effect of organic acids and alcohols upon the electro- 
phoretie behavior of serum albumin at pH 4.0. 


EXPERIMENTAL 


Materials and Methods 


Human serum albumin was prepared according to Method 6, 
purified further by Method 9 (18) to remove traces of globulins, 
and stabilized with sodium = pt-acetyl-tryptophan and sodium 
caprvlate (0.02 molar with respect to each stabilizer)! All ex- 
periments were carried out on one preparation referred to as al- 
bumin in this paper. On electrophoresis at pH 8.6, ['/2 0.1 in 
citrate-diethylbarbiturate buffer, this albumin appeared homoge- 
neous. 

ach buffer solution used during this investigation was made 
up of sodium hydroxide and one organic acid with a pK value 
near 4. The amount of acid was calculated so that, after dis- 
solving it ina Known volume of distilled water and adjusting the 
pH to 4.0 + 0.02 (Beckman pH meter, model G) with | N so- 
dium hydroxide, a total ionic strength of 0.1 was obtained. The 
specific resistance of the buffers was measured by the bridge 
method at O° and at a frequency of 1100 e.p.s. with the use of a 
conduetivity cell (No. 4917) made by Leeds and Northrup and 
Company, Philadelphia. Human serum albumin, 40 mg, was 
dissolved in these buffers, 3.0 ml and dialyzed at 2° against 1 
liter of the same solution for 17 hours. Before electrophoresis, 
the protein solution was adjusted to a concentration of 1.1 to 
12%. 

A Perkin-Elmer electrophoresis apparatus, model 38, was used 
throughout this study. 
ferred over the open one because under these conditions the flow 
of liquid in the electrophoresis cell is minimized. During the 
electrophoretic runs which were carried out at a constant current 
of 9.6 ma the cell was cooled with ice water. Beeause of the dif- 
ferent upparent electrophoretic mobilities (19, 20), the time of 
each electrophoretic run was varied so that the protein moved in 
each case approximately the same distance. The apparent elec- 
trophoretic mobilities were calculated according to the conven- 
tional equation. For the calculation of the relative percentage of 
the different components, enlarged tracings of the electrophoretic 


The so-called closed system was pre- 


' This material was prepared in a 25°, solution by the Biologic 
Laboratories, Massachusetts Department of Health, Boston, for 
the American National Red Cross and donated to the blood bank 
of the Massachusetts General Hospital, Boston, Massachusetts. 
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Fic. 1. Electrophoretic patterns of human serum albumin in 
formate (la, 60 minutes) and itaconate (1b, 100 minutes) buffer of 
pH 4.0 and [/2 0.1, respectively. Both @ and 6 are ascending 
patterns; arrow indicates direction of movement of the protein; 
salt boundaries are designated with 4. 


Taste I 


Effect of monobasic, aliphatic acids on electrophoretic behavior of 
human serum albumin at pH 4.0 and 1/2 0.1 (Na*) 


Apparent 


electrophoretic Area of components 


in relative 
Descend- Ascend. Descend- Ascend. 
ing ing ing ing 
Formate 4.7 5.6 tie 
2 2.8 4.0 36 46 
Acetate ] 3.9 4.6 28° 3S 
2 2.5 3.8 72 62 
Propionate 2.8 
2 2.1 2.7 
Butyrate l 2.2 7° 
2 1.6 2.2 
Phosphate 4.5 5.6 4S" dle 
2 3. 3.2 52 59 
5.5 6.0 61° 46 
2 4.5 4.1 30 


Well separated. 

*’ Peaks not well separated. 

* Asymmetric peak, resolved in number of peaks as marked. 
4Very narrow, slight asymmetry on bottom. 

¢ pH 3.85. 


patterns were made and resolved in Gaussian curves. The rela- 
tive areas were measured planimetrically. If the peaks were 
separated, they were usually not marked as such in the tables 
except in certain special cases where it seemed important. How- 
ever, they are marked if the components were not well separated 
or appeared as asymmetric peaks. 


RESULTS 
A. Electrophoretic Experiments 


1. Monobasic, aliphatic acids—The monobasic, aliphatic acids 
(Table I) affect the electrophoretic behavior of human serum al- 


Electrophoretic Behavior of Serum Albumin at pH 4.0. I 


Vol. 234, No. 12 


Tasie Il 


Effect of dibasic, aliphatic acids on electrophoretic behavior of 
human serum albumin at pH 4.0 and 1/2 0.1 (Na‘) 


Apparent 
blectrophoretic 
mobility x 10° 


Area of component. 
in relative 


Anion (om.? sec. ' volt!) percentage 
Descend- Ascend- Descend- Ascend 
ing ing ing ing 
Oxalate l 2.7 3.2 42" 46 
2 1.5 2.4 5S M4 
Malonate | 2.2 3.0 100” 100 
Succinate l 2.1 2.0 23° 100 
2 1.4 
Glutarate 2.5 3.3 17° 
2 1.6 2.2 
Adipate* 5 
2 13° 
3 


* Peaks not well separated. 

* Slightly asymmetric. 

* Asymmetric peak, resolved in number of peaks as marked. 
“Run at 23°, electrophoretic mobilities not indicated. 


bumin in an apparent regular mode. The lowest member of this 
series, formic acid, caused the appearance of two well separated 
peaks? (Fig. la). The apparent electrophoretic mobilities were 
relatively high (Fig. 2). In acetate again two peaks were noted. 
However, the relative percentage of the faster one was decreased. 
On the descending limb the two components formed an asym- 
metric boundary.? The apparent electrophoretic mobilities were 
smaller than those observed in formate. In propionate the two 
components had merged completely on the ascending limb, but a 
slight asymmetry was noted on the descending side. The appar- 
ent electrophoretic mobilities were further decreased. Essen- 
tially the same observations were made by analyzing the butyr- 
ate patterns. The albumin after incubation in the latter buffer 
exhibited on ultracentrifugal analysis 916, monomer (829... = 3.8 
at 1) protein concentration) and 9°, dimer. Valerate and 
caproate were not sufficiently soluble to permit the preparation 
of the corresponding buffers. For comparison, albumin was also 
analyzed in phosphate buffer and in a NaCl-HC!1 solution where 
this protein seems to be affected in a mode somewhat intermedi- 
ate between formate and acetate. However, the influence of the 
specific interactions with these ions must be taken into considera- 
tion in explaining the latter patterns. 

2. Dibasic, aliphatic acids—Ovxalate (Table 11) caused albumin 
to appear heterogencous. The apparent electrophoretic mobili- 
ties of the two components were lower than those observed in 
acetate. In malonate albumin showed essentially homogeneity. 
However, the electrophoretic mobility seemed to coincide with 
that of the faster component observed in the other buffers of this 
series (Fig. 2). In succinate apparent homogeneity was noted 
in the ascending limb only. No change in the apparent electro- 
phoretic mobilities was observed. In glutarate and adipate al- 
bumin appeared again essentially homogeneous. The relative 
area of the main peak of the ascending side was much higher than 


? The area ratio of the two components might decrease in differ- 
ent experiments tol:l. In acetate buffer, however, this ratio was 
found to be constant, if this albumin preparation was reinvesti- 
gated, and the obtained patterns were identical with that reported 
by Lutscher in 1939 (3). 
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that of the corresponding peak of the descending limb, a phe- 
nomenon generally noted in this series of experiments. Again, 
the higher members of the dibasic organic acids were not soluble 
enough to prepare pH 4.0 buffers of ['/2 0.1. With respect to 
the apparent cleetrophoretic mobilities, no simple relationship 
was observed as a function of the number of the carbon atoms of 
these acids as had been noted with the fatty acids (Fig. 2). 

3. Substituted organic acids—The substituted organic acids 
listed in Table ILL ineluded in the first group hydroxylated, in the 
second group aminated, and in the third group dehyvdrogenate« 
acids. Hydroxvlation in the a- (e.g. lactic acid obtained from 
propionic acid), obtained from n-bu- 
tvrie acid), or in a- and 8-position (tartaric obtained from suc- 
cinie acid) caused increased heterogencity. Amination of the 
3- (d-ulanine obtained from propionic acid), y- (y-aminobutyvric 
obtained from n-butyric acid), or é-position (€-aminocaproic ob- 
tained from n-caproic acid) exhibited a similar effect. Aspartic 
and glutamic acid were not soluble enough to permit preparation 
of pH 4.0, P'/2 0.1 buffers. Dehydrogenation (fumaric obtained 
from succinie acid) resulted also in a loss of electrophoretic 
homogeneity of albumin. The increase in homogeneity was con- 
siderable, if fumarate was replaced by maleate. In citrate and, 
particularly, in itaconate (ethylene-malonate) electrophoretic ho- 
mogeneity was observed (Fig. 1b). It should be emphasized 
that in itaconate, albumin seemed still absolutely homogeneous 
on both the ascending and descending patterns, even after a pro- 
longed electrophoretic run of 4 hours made by continuous com- 
pensation. On ultracentrifugal analysis this preparation con- 
sisted of 94°, monomer and 6°, dimer. Furthermore, itaconate 
is the only buffer, as far as investigated, which effects absolute 
homogeneity of albumin judging from the svmmetrical, clectro- 
phoretical patterns. With respect to the apparent cleetropho- 
retic mobilities, it was again noted that, if the relative area of the 
main peak was high, the values of these mobilities were relatively 
low. 

Further experiments were performed to demonstrate that the 
chosen conditions (pH 4.0 and [/2 0.1) offer certain advantages 
for the interpretation of the electrophoretic patterns. At pH 
3.5, where the so-called transition from the native to the fast 
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Fic. 2. Apparent electrophoretic mobilities of human serum 
albumin in pH 4.0, ['/2 0.1 buffers prepared from fatty acids, @, 
and dibasic organic acids, O. The apparent electrophoretic mo- 
bilities of this protein in pH 4.0, ['/2 0.1 acetate in presence of 
different aliphatic alcohols, n-butanol to n-octanol, remained un- 
changed. 
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Taste Ill 


Effect of substituted and modified organic acids on behavior of 
human serum albumin at pH 4.0 and 1/2 0.1 


Apparent 
mobility 105 

percentage 


(em.? sec. ' volt ') 


Descend.- Ascend- Descend- Ascend- 


ing ing ing Ing 

Lactate l 4.8 | 6 
2 4.2 3.8 iz | 31° 

3 2.8 2.9 SS" 63 

pu-8-Hvdroxvbutvr- 3.4 3.3 
ate 2 2.7 2.7 91¢ 28° 
3 1.8 | 6 

Tartarate l 2.9 3 
2 2.1 2.2 17" 11 

3 1.2 1.3 83" S6 

3-Alanine l 5.6 5.6 24" 36° 
2 4.1 4.4 76" 64 

>+-Aminobutvrate l 4.3 4.6 74 69 
2 3.5 3.9 10 10 

3 2.8 3.3 16 IS 

4 2.4 

« Aminocaproate l 4.5 4.9 8 | 78 
2 3.1 3.6 5 | 2 

3 2.8 

Fumarate l 2.9 3.9 3° | 4“ 
2 3.4. 4 | 

3 1.7 2.4 7 | 

Maleate | 8&2 
2 2.0 1.9 100 43 

Citrate l 2.5 8° 
2 | 2.9 | | 

3 1.5 100 83 

Itaconate 1.5 1.8 | 100-100 


“ Asymmetric peak, resolved in number of peaks as marked. 
* Well separated. 


moving form of albumin is completed (7) and homogeneity is 
again restored, albumin appears homogeneous im acetate or 
itaconate at P/2 0.1, but not at ['/2 0.05 or below. Further- 
more, at ['/2 0.1 in pH 4.0, acetate buffer human y-globulin, 
3)-metal-combining protein, a.-acid glycoprotein, and ovalbumin 
appear clectrophoretically homogeneous,’ whereas at lower T /2 
these proteins, as far as investigated, exhibited more than one 
boundary (21). 

4. Aleohols— Normal! aliphatic aleohols added to pH 4.0, 
0.1 acetate buffer to give a concentration of O.OL M, may effect 
homogeneity (Table IV). n-Butanol appears to affect only 
slightly the albumin patterns observed in acetate buffer. n-Oc- 
tanol « © which the solubility corresponds to approximately 0.001 
M, proved to be extremely effective in bringing about electro- 
phoretic homogeneity. In no experiment was absolute homo- 
geneity observed. Other alcohols, such as isoamylaleohol and 
benzvlaleohol and amino acids with long hydrocarbon chains, 
such as norleucine, did not affect the acetate patterns. The 
apparent electrophoretic mobilities of the albumin components 
remained unchanged in all experiments. 

It should be emphasized that, whereas in the series with fatty 
acids and certain di- and trivalent organic acids, attainment of 


* Unpublished experiments. 
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IV 


Electrophoretic behavior of normal human serum albumin in pH 
4.0,1/2 O01 acetate buffer in presence of 0.01 m alcohols 


Elect 
mobility X 10° 
Alcohol (cm.* volt™) 
Descend- Ascend- Descend- Ascend. 

ing ing ing ing 

] 3.7 4.3 28" 38 

2 2.3 3.6 72" 62 

n-Butanol l 3.7 4.0 35 44 
2 2.5 3.2 65 56 
n-Pentanol | 4.1 4.2 13° 6" 
2 2.8 3.4 

n-Hexanol ] 4.1 4.4 q 6 
2 2.8 3.3 91 ow 

n-Heptanol l 3.8 3.8 11 1] 
2 2.8 3.2 SO SY 
n-Octanol? | 3.7 4.1 17 10 
2 2.7 3.4 

sec(3)- Pentanol (1) l 3.3 3.9 35 43 
2 2.3 3.1 65 57 

Benzylaleohol I 1.7 4. 3" 4 
2 3.4 3.9 2s" 36 

3 2.5 3.2 60" 60 

pL-Norleucine l 5.4 9 2 5 
2 4.0 3.0 2 32 

3 2.8 3.0 72 63 


* Asymmetric peak, resolved in number of components as indi- 


cated. 
* Acetate buffer saturated with octanol, estimated solubility 


0.001 M. 
Use of the aliphatic aleohols was suggested by Dr. W. H. 


Batchelor. 


electrophoretic homogeneity of albumin seemed to be paralleled 
by decrease of the apparent electrophoretic mobility, in’ this 
series of experiments with aliphatic alcohols the attainment of 
electrophoretic homogeneity was not paralleled by a decrease in 


Fic. 3. Crystals of the “‘eleetrophoretically homogeneous” human serum albumin. 
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the apparent electrophoretic mobilities. This finding suggests 
that two types of interactions might take place: one responsible 
for the homogeneous behavior and the other responsible for the 
apparent electrophoretic mobilities of albumin (for more details 
see subsequent paper). 


B. Investigation on the *Electrophoretically Homogeneous” 
Human Serum Albumin 


For comparison, additional experiments were carried out with 
the “eleetrophoretically homogeneous” albumin. 

Crystallization — Since the eleetrophoretically homogeneous 
human serum albumin has recently been obtained in large, well 
defined crystals of extraordinary appearance, pictures of these 
crystals are reproduced here. The procedure for the crystalliza- 
tion has been described earlier (2). The erystals shown in Fig. 
3a had been grown at —2° in a solution originally containing 7 
per cent protein, 0.07 mM lead acetate, 10 per cent acetone, and 
10 per cent methanol. The lead complex of this form of al- 
bumin proved to be essentially insoluble in water; subsequently 
the protein was recrystallized from water at +2° again as a lead 
complex (Fig. 36). 

2. Llectrophoresis The erystallized electrophoretic homoge- 
neous albumin, after treatment with cysteine at pH 5 and de- 
ionization whieh brought about electrophoretic heterogeneity 
(2), was analyzed in pH 4.0 itaconate buffer ['/2 0.1. Under 
these conditions it proved to be almost homogencous. 


DISCUSSION 


The principal finding of the present systematic study on the 
electrophoresis of human serum albumin at pH 4.0 and ['/2 0.1 
is the demonstration of the homogeneity of this protein under 
hitherto unknown conditions. The area ratio of the two ob- 
served moving boundaries, called degree of homogeneity, could 
be correlated with the number of carbon atoms of the organie 
acids and alcohols used. 

The most striking result obtained by investigating the effect 
of the univalent aliphatic acids on albumin, is the gradual trans- 
formation from the electrophoretically heterogencous (two com- 


Fig. 3a, lead complex from methanol-acetone- 


water at —2°; X 40; Fig. 36 lead complex from aqueous solution at 4+2°; & 40. 
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ponents) to the homogeneous state as a function of the molecular 
weight of the acids. The attainment of the homogeneity was 
paralleled by a decrease of the relative area of the faster moving 
component and by a decrease of the apparent electrophoretic 
mobilities (Fig. 2). The latter phenomenon is due to a decreas- 
ing, positive net charge and, this in turn, suggests a capacity of 
albumin to bind the higher fatty acids or their anions or both 
with increasing force. Moreover, it follows that the nonpolar 
portion of the acids is responsible for the binding, because the 
changes in electrophoretic mobilities are greater proportionately 
as the carbohydrogen chain of the acids is longer. 

At neutral pH value the high molecular weight fatty acids are 
known to be very tightly bound to albumin (22-24), whereas 
formic and acetic acid seem to interact very weakly (25). 

The dibasic aliphatic acids, as reported earlier (2), revealed a 
regularity with respect to effecting electrophoretic homogeneity 
of albumin, similar to that noted in the series of the lower fatty 
acids. With increasing molecular weight of the compounds, ex- 
cepting perhaps glutaric acid, homogeneity was observed. The 
apparent electrophoretic mobilities of the components plotted as 
a function of the number of the carbon atoms of the dibasic 
acids differed greatly from that of the fatty acids and might be 
suggestive of different modes of binding of the two types of acids 
to albumin (Fig. 2) particularly malonate. Again the impression 
was gained that the more tight the binding, the higher the degree 
of homogeneity and that the complex of albumin with the disso- 
ciated or undissociated acid or both seems homogeneous. (For 
more detailed discussion see the subsequent paper of this series.) 
In both series of aliphatic acids described above, the lower mem- 
bers with one or two carbon atoms effected albumin to appear as 
a two-component system, whereas members with 3 or more car- 
bon atoms effected homogeneity. With respect to the type of 
binding, malonate, citrate, and maleate are probably exceptions, 
inasmuch as the homogeneity-effect may not be explained by in- 
teraction due to an increased nonpolar portion of the molecule. 
The importance of steric factors involved in the interaction be- 
tween albumin and small molecules has been pointed out by 
others (5, 26). 

The modified organic acids obtained by introduction of hy- 
droxy] or amino groups or by dehydrogenation resulted in loss of 
electrophoretic homogeneity and an increase in the apparent 
electrophoretic mobilities of albumin. This observation could 
he explained on the basis that the hydroxy] and amino groups 
decrease the binding between the nonpolar portion of the acid 
and that of albumin. These findings bear evidence that the 
binding of the dissociated, or undissociated, or both forms of the 
investigated acids to albumin are probably due to van der Waal’s 
forces, rather than electrostatic interaction. The opposite ef- 
fect, namely the increase in the degree of electrophoretic homo- 
geneity of albumin at pH 4.0 was observed, if the nonpolar por- 
tion was increased (acetic to propionic acid; malonic to itaconic 
acid). Citrate, 8-hydroxyl-8-carboxyl-glutaric acid, is an ex- 
ception to this rule. It causes homogeneity of albumin probably 
due to a different type of interaction, perhaps similar to that of 
malonate, based essentially on electrostatic interaction. 

Aliphatic aleohols, noncharged molecules, also effect homoge- 
neous behavior of albumin. n-Butanol in contrast to butyric 
acid did not exert such an effect because it appears that at least 
5 carbon atoms are required to bring about electrophoretic homo- 
geneity of this protein. Further, it was noted that the longer 
the hydrocarbon chain the higher this effect. The binding of 
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these alcohols is probably due to van der Waal’s forces, perhaps 
similar to those responsible for the interaction of fatty acids. 
For comparison, it is of interest to note that higher aliphatic 
alcohols, like n-decanol, stabilizes albumin against heat denatura- 
tion at neutrality (27). 

The prerequisite for the appearance of two moving electro- 
phoresis boundaries of albumin of almost equal area, in absence 
of hydrogen-bonding breaking agents, seems to be the pH value 
of 4 (7, 8). However, the H-ion concentration is not the single 
factor which determines the electrophoretic behavior of this 
protein, since in the presence of substituted organic acids similar 
effects can be invoked. Therefore, the assumption (28, 29) that 
albumin appears as a multicomponent system in presence of 
small ions or molecules, like those of formic and acetic acid, be- 
cause they penetrate easily the albumin molecule, seems un- 
likely. Indeed high concentrations of acetate (I'/2 0.2, pH 4) 
effect homogeneity (4). Certain higher molecular weight com- 
pounds, such as pt-8-hydroxybutyric acid and pt-norleucine also 
cause albumin to appear as a two-component system. Thus, 
interaction between albumin and the undissociated or dissoci- 
ated form of organic acids and alcohols seems to be of primary 
importance in modifying the electrophoretic behavior of this 
protein at pH 4.0. Albumin, commonly thought of as being 
electrophoretically heterogeneous at pH 4.0, may appear homo- 
geneous at the same pH in the presence of buffers of certain or- 
ganic acids. 

In this paper the electrophoretic behavior of only one albumin 
preparation is reported. In a further publication the results ob- 
tained from investigating different albumin preparations will be 
presented. Further, the reaction responsible for effecting ho- 
mogeneity of albumin at pH 4.0 will also be discussed. 


SUMMARY 


1. It is demonstrated that normal human serum albumin may 
appear homogeneous on electrophoresis at pH 4.0 and [/2 0.1, 
depending upon the nature of the buffer. 

2. Electrophoretic homogeneity is effected by aliphatic, mono-, 
di-, and tribasie acids with more than 2 carbon atoms and by 
normal aliphatic alcohols with more than 4 carbon atoms. 

3. Homogeneity is due to binding of the mentioned organic 
acids to albumin. Modification of these acids by introduction 
of hydroxy] or amino groups or by dehydrogenation decreases 
greatly the interaction, so that albumin appears as a heteroge- 
neous, two-component system similar to that observed in for- 
mate, acetate, or oxalate. 
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It is now generally accepted that formaldehyde reacts initially 
with amino groups of proteins to form methylolamines, which 
then react more slowly to form methylene bridges between the 
amino groups and such other groups as the amide group and the 
phenolic, indole, and imidazole rings (Fraenkel-Conrat and Ol- 
eott (1); Alexander et al. (2)). Some of these bridges are 
intermolecular. The present potentiometric study shows that 
pH changes underlying the formol titration are consistent with 
the accepted mechanism and suggest that methylolamine forma- 
tion has nearly the same formation constant in proteins as in 
the amino acid reactions reviewed by French and Edsall (3). 
The reaction of formaldehyde with amide groups is important 
in acid solution (4) but not under the conditions of the present 
study. 

Hemoglobin was chosen as the protein for this study for several 
reasons: it is readily available in quantity, its oxygen equilibrium 
is altered by formaldehyde (Guthe (5)), and it has a high histidine 
content. Although histidine reacts with formaldehyde, imidaz- 
ole compounds without amino groups do not (Levy (6)), and 
it has been uncertain whether protein imidazole groups react. 
The present data suggest that the initially reactive groups 
of hemoglobin are the ¢-amino and the terminal a-amino groups, 
and that reactions of imidazole are secondary. 

The formaldehyde-hemoglobin reaction has also been studied 
by spectroscopic methods, with special attention to the effect of 
formaldehyde on the azide-methemoglobin reaction (Scheler et 
al. (7); Tzushima (8)). The spectroscopic studies establish that 
formaldehyde reacts with heme-linked groups, a finding directly 
relevant to the effect of formaldehyde on oxygenation. The 
present potentiometric method detects any changes in equilib- 
rium constants of amino and imidazole groups of hemoglobin, 
whether they are heme-linked or not. 


EXPERIMENTAL 


Materials and Methods 


Hemoglobin—Human red blood cells from which the serum had 
been separated by centrifugation were kindly furnished by the 
Division of Biologic Laboratories of the Massachusetts Depart- 
ment of Public Health. Human hemoglobin was prepared, re- 
crystallized by ammonium sulfate precipitation (9), and then 
dialyzed salt-free. All steps were carried out at 2 to 5°. The 
hemoglobin content of the final dialyzed solution was calculated 
from the Kjeldahl nitrogen content, assuming that hemoglobin 
contains 16.9% nitrogen. 


* Many of the experiments reported were performed at the Bio- 
logical Laboratories, Harvard University, Cambridge, Massachu- 
setts. 


The dialyzed solution was either used directly as oxyhemo- 
globin or was first oxidized to methemoglobin by addition of a 
slight excess of potassium ferricyanide. At high formaldehyde 
concentrations (1.0 mM or more), the solutions turn brown, prob- 
ably due to denaturation, and they gel at alkaline pH. Formal- 
dehyde alone did not react with ferricyanide in several days, at 
room temperature. 

Formol Titration—Commercial formaldehyde was carefully 
neutralized. The concentration of the stock solution, deter- 
mined by iodometry (10), was always close to 12.5 m. Known 
amounts of hemoglobin and formaldehyde solutions, salt-free 
except for added ferricyanide, were pipetted into the reaction 
vessel, which was kept under an atmosphere of commerical “Dry 
Nitrogen.”’ Base or acid was added by burette, and the solution 
stirred for about 2 minutes. About 20 titration points were 
thus measured on each hemoglobin aliquot in 1 hour. 

Measurements of pH were made with commercial glass and 
calomel electrodes. After a glass electrode had been used for 
several weeks, the observed value dE/dpH fell from the theo- 
retical 59 to 60 mvolts per pH to a value near 50. This low value 
was reached after several months use, and remained constant 
thereafter. The response was still linear over the pH range 1.0 
to 9.6, but dE /dpH had to be determined by the use of two 
standard buffers in each experiment. 

Most experiments were made at 23-26°. No effect of tempera- 
ture was apparent, and the heats of the formaldehyde-amine 
reactions are small (French and Edsall (3)). 

Protein titration curves were plotted in terms of h, the equiva- 
lents of acid bound per 10° grams of protein. The raw data 
were corrected for uncombined acid or base present at the 
measured pH and for the sodium error of the glass electrode. 
The corrections were determined by titrating a blank in which 
sodium chloride replaced the sodium proteinate. The true pH 
of the blank for a given value of free base was calculated from 
K,, (International Critical Tables) and the activity coefficients 
of the hydroxyl ion (Lewis and Randall (11)). The acid bound 
was arbitrarily set as zero at pH 7.1, the isoionic point for human 
oxyhemoglobin (12). 


RESULTS 


Titration Curves—When neutral formaldehyde is added to a 
solution, no base or acid is added, and, if free hydrogen and 
hydroxyl ion concentrations are negligible, the acid or base bound 
is unchanged. The pH was therefore determined before addi- 
tion of formaldehyde, and Ah was read from a previously deter- 
mined formaldehyde-free titration curve. This value of h was 
the starting point for the formaldehyde titration. As thus de- 
termined, h depended on a single pH measurement, and might 
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Fic. 1. Titration curves of human hemoglobin in the presence 
of various formaldehyde (F) concentrations. The ordinate is acid 
equivalents per 100,000 g of protein. 


be in error by 1 to 2 equivalents per 10° grams. It was assumed 
that formaldehyde did not change the sodium error of the glass 
electrode from its value in water at the same measured pH, since 
the mole fraction of formaldehyde was always small. This error 
was negligible in solutions more acid than pH 10. At high form- 
aldehyde concentration, the necessary correction for base bound 
by formaldehyde was determined by including formaldehyde in 
the blank. 

A few representative titrations at different formaldehyde con- 
centrations are shown in Fig. 1. They are comparable to the 
30-minute curve of Zaiser and Steinhardt (13), and are also 
fairly consistent with the analytical data (Itano (14)). Between 
h values A and B, titration shows 106 equivalents per 10° grams 
protein, or 71 groups per molecule (mol. wt. 67,000). Analytical 
data show 37 to 52 free side-chain carboxy! groups (from aspartic 
and glutamic acid residues after correction for amide content), 
eight propiony! carboxyls from the hemes, and two free carboxy! 
end groups (15), a total of 47 to 62 groups. Discrepancies be- 
tween analytical and acid titration data in hemoglobin have 
been discussed in detail by Steinhardt and Zaiser (16). Between 
B and C, titration shows 44 groups per molecule, corresponding 
to the 36 imidazole groups, four terminal a-amino groups (17), 
and four titratable charges on the four heme irons. Between C 
and 1), 43 equivalents are titrated, corresponding to 44 e-amino 
groups of lysine residues. The existence of plateau D is con- 
firmed by other, unplotted titrations. Other groups titrated 
beyond D may include 11 phenolic hydroxyl groups and six 
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sulfhydryl groups (Cole et al. (18)). The guanidyl groups of 
arginine are not titrated below pH 11 in unmodified proteins 
(Cohn and Edsall (19)) or below pH 9 in the presence of formal- 
dehyde (Levy (6)). 

> Reversibility—A hemoglobin solution was brought to a formal- 
dehyde concentration of 1.1 mM and left for 1 hour at room tem- 
perature. It was then dialyzed against distilled water for 3 days 
in the cold, and its titration curve determined. Because the 
true isoionic point of the dialyzed protein was unknown, the 
titration curve was arbitrarily shifted vertically to agree with 
the formaldehyde-free curve of untreated protein near pH 8. 
Fig. 2 shows the results. The points for the dialyzed solution 
after reaction at pH 6.37 coincide very well with the original 
curve in the alkaline region. The curve for the solution after 
reaction at pH 10.30 agrees less well; perhaps all the formalde- 
hyde had not been removed or the relatively high pH caused 
additional irreversible changes. Near neutrality the points for 
the two dialyzed solutions agree well with each other but not with 
the native curve. 

In the alkaline region, the original curve is restored at least in 
large part by dialysis, suggesting that methylolamines are formed 
reversibly and that any methylene bridges formed can be broken 
at the —CH.-—NH— bond to free the amino groups. Near neu- 
trality complete restoration of the curve does not occur; some of 
the imidazoles may have been irreversibly modified as they are 
in the histidine-formaldehyde reaction (Neuberger (20)). Form- 
aldehyde irreversibly bound to nontitratable groups would not 
be detected. 

Nature of Reactive Groups—Which protein groups react with 
formaldehyde is indicated by the pH dependency of the vertical 
difference (i.e. the difference in h at constant pH) between the 
curves obtained in the absence and presence of formaldehyde 
(Fig. 3). If formaldehyde shifts the pK of a number of acid 
groups, the shape of the curve will be unchanged and the vertical 
difference between the original and shifted curves will be bell- 
shaped when plotted against pH. The observed difference is 
well fitted by the sum of two such curves. Most if not all of 
the titration shift in hemoglobin can therefore be explained by 
the reaction of only two kinds of groups. Such curves permit 
only a minimum estimate of the number of reacting groups, 
unless the pH shift is large. In each hemoglobin molecule, at 
least 45 alkaline groups and at least 12 more acid groups react. 
The first figure is close to the total number of lysine residues 
(analytically 44), which suggests that the epsilon amino groups 
of all these residues react with formaldehyde. The second figure 
is considerably larger than the number of alpha amino groups 
(four), and might result from a small shift in apparent pK of 
the 36 imidazole groups. Part of the difference in the neutral 
region may also be due to unmasking of groups as in acid titra- 
tions (Steinhardt and Zaiser (16)), to secondary changes result- 
ing from cross-linkage between amino and imidazole groups, or 
to changes in the hydration shell of the protein (21). 

Formaldehyde is not expected to react with most of the other 
titratable groups. Carboxy! groups and ferric iron do not react. 
Although phenolic hydroxy! and guanidy! groups react slowly 
and secondarily to receive bridges from methylolamines, they 
are not titrated in any numbers at the pH’s studied. Sulfhydryl 
groups are few in number (six per molecule) and should not be 
titratable in the neutral range. 

Dependence of pH on Formaldehyde Concentration—The reac- 
tion was followed by measuring the decrease in pH when formal- 
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Fic. 3. Additional base bound in formaldehyde, in equivalents per 100,000 g of protein. 


The points are vertical differences between 


the titration curve in the absence of formaldehyde (Fig. 1) and a curve at an initial formaldehyde (F) concentration of 0.4 m (inter- 


mediate between the 0.2 m and 2.0 mu curves of Fig. 1). 


dehyde is added, as described in the review of formaldehyde- 
amino acid reactions by French and Edsall (3). When pH is 
plotted against the logarithm of the formaldehyde concentration 
(log F), the shapes of the curves vary with pHo, the initial pH. 
One kind of curve is obtained near pH, 6.5, another near pH» 
10, and intermediate curves at intermediate pH». This again 
suggests that the pH shift in formaldehyde may be referred to 
only two kinds of polar groups in the hemoglobin molecule. At 


O——O is the sum of the two indicated bell curves. 


pH» above 10, the shapes of the curves are distorted by effects 
of glass electrode errors and changes in free hydroxyl ion con- 
centration, but no third reaction need be postulated even at pH» 
as high as 11. 

The potentiometric data for pH» near 10 (9.90 to 10.23) have 
been plotted (Fig. 4) in terms of (pH, — pH). The initial hemo- 
globin concentration was about 3 g/100 ml in each case. The 
agreement among experiments with different pH» confirms the 
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constancy of (pH, — pH) in this region. A few preliminary 
experiments on serum albumin showed similar results. 

Experiments near neutral pH» (6.2 to 7.8) are shown in Fig. 
5. Initial hemoglobin concentrations ranged from 2 to 10%, 
but the results did not depend on the concentration. 

Since commercial formaldehyde contains about 15% methanol, 
formaldehyde was also prepared by steam distillation of para- 
formaldehyde (22). Several experiments at pH, 6 and 10 showed 
that freshly prepared formaldehyde produced the same results 
as commercial formaldehyde. Addition of methanol to such 
solutions caused no change. 

At low F, the pH drifted toward lower pH in the alkaline ex- 
periments. Measurements were made as rapidly as possible 
(about 2 minutes between points) in an attempt to determine 
the pH change in the initial reaction. In the neutral experi- 
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Fic. 4. Shift in pH from an initial value of about pH 10, as a 
function of the logarithm of the molar concentration of formalde- 


hyde. pHo is the pH before addition of formaldehyde. The 
curves were calculated as described in the text. 
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Fic. 5. Shift in pH from an initial value of about pH 7, as a 
function of the logarithm of the molar concentration of formalde- 
hyde. pHo is the pH before addition of formaldehyde. The 
curves were calculated as described in the text. 
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ments, there was a less pronounced drift toward higher pH at 
low F. At formaldehyde concentrations above 0.2 m, no drift 
was apparent in either neutral or alkaline experiments and the 
pH change was reversible by dilution. This reversibility makes 
it possible to apply Levy’s equilibrium theory (6) to the data. 


DISCUSSION 


The theory developed by Levy (6) for his experiments on the 
reaction of formaldehyde with amino acids serves for the present 
results. Formaldehyde reacts only with the uncharged form of 
the amino group, and the following equilibria are present : 

RNH, + H* RNH,* 


+ CHO RNHCH.OH 


le 


RNH, + 2 CH,O = RN(CH,OH), 


If the pH in the absence of formaldehyde is adjusted to pH» and 
formaldehyde is added to reach a concentration F, the pH be- 
comes 


pH = pHo — log (1 + L,F + L.F*), 
or pHe — pH = log (1 + L,F + L,F*). 


At high formaldehyde concentrations, the last term within the 
parentheses dominates and the slope of a (pH» — pH): log F 
curve approaches two. Since an imine combines with only one 
molecule of formaldehyde (RR’NCH,OH), the plot for an imine 
reaction will have a limiting slope of unity. This theory fitted 
Levy's potentiometric data and the polarimetric data of Frieden 
et al. (23). 

The curves of Fig. 4 are amine and imine curves. Neither 
fits all the points, but the amine curve fits the points at low F 
and the imine at high F Initial methylolamine formation will 
explain the curve at low F. These methylolamines may then 
form methylene bridges to amides, or to phenolic, indole, or 
imidazole rings: 


RNHCH,OH RNH 
+ CH; + 
R'CONH;, R’'CONH 


Analogous bridges are formed when formaldehyde reacts with 
asparagine (Levy and Silberman (24)) and histidine (Neuberger 
(20)). The product may have a changed pK and may in turn 
form \-methylolimines and produce the imine curve at high F. 
The acid drift in pH observed at low formaldehyde concentra- 
tions and the steadiness of pH at high concentrations strengthens 
the hypothesis that the initial rapid reaction forms methylol- 
amines which more slowly form bridges. The observed points 
move from the amine curve toward the imine curve. 

The curves of Fig. 4 were calculated from constants that seem 
reasonable on other grounds (3). The amine curve was based 
on the constants for the formaldehyde reaction of lysine (L, 240, 
L, 309). The imine constant (L,) was estimated as 100 to agree 
with the observed linearity of the curve down to log F = 0.2. 
An L, of 100 is not unreasonable for an imine, since the constants 
for proline and hydroxyproline are of this order. A _ similar 
estimate can be made from the final curve (Levy and Silberman 
(24)) for the imine group formed in the asparagine reaction. It 
also appears that the pK of the imine is more acid than that of 
the original amine, and the curve is drawn for a shift of 1.06 units. 
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The curves of Fig. 5 represent an attempt to fit the observa- 
tions near pH 7 in the same way. The amine curve was drawn 
with the constants for leucylglycylglycine (L, 25, L, 38), as a 
reasonable estimate for the reaction of terminal a-amino groups. 
The imine curve was arbitrarily drawn with L, 4 and with no 
shift in pK. 

The generally accepted reaction scheme of Fraenkel-Conrat 
and Oleott (1) fits the data at alkaline pH. Near pH 7, the 
initial reaction may be methylolamine formation by the a-amino 
groups. Secondary pH changes resulting from bridge formation 
to imidazoles (1), from unmasking as in acid titrations (16), or 
from substitution of formaldehyde in the hydration shell (21) 
are hard to predict quantitatively. Reaction of the four a-amino 
groups alone would not yield the observed vertical shift (Fig. 3), 
which corresponds to 12 groups per molecule. 

The rapid formation of methylolamines and the slower forma- 
tion of bridges are probably followed by other still slower reac- 
tions. The spectroscopic and azide interaction studies (7, 8) 
were carried out several hours after formaldehyde addition to 
allow completion of the reactions observed. Similar delay was 
found in the establishment of the oxygen equilibrium in formal- 
dehyde (5). The compound observed in those studies is there- 
fore not simply an N-hydroxymethylated hemoglobin, but a 
hemoglobin with bridges that may have undergone further rear- 
rangement. Both papers (7, 8) present strong evidence that a 
heme-linked group, probably histidine, reacts 1 to 1 with form- 
aldehyde over a period of several hours. 

Although other explanations of the observations are possible, 
the foregoing interpretation is consistent with present knowledge 
of the reaction. Further analysis would require special investiga- 
tion of the kinetics of the reaction and detailed experimental 
analysis of the effects of chemical modification of polar groups 
of the protein. 


SUMMARY 


1. The reaction of formaldehyde with two kinds of acid-base 
groups of human hemoglobin, probably the a- and ¢amino 
groups, can explain the initial shift in pH of a hemoglobin solu- 
tion when formaldehyde is added. Presumably methylolamines 
are formed. 

2. The present data do not unambiguously determine forma- 
tion constants for the methylolamines, but they are satisfactorily 
fitted by constants for formaldehyde-amino acid reactions. 

3. In the alkaline region, near pH 10, a further reaction pro- 
ceeds rapidly at high formaldehyde concentration. The pH 
change is consistent with condensation of the methylolamines 
with other protein groups to form methylene bridges. 
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4. In the neutral region, near pH 7, further reaction of the 
protein with formaldehyde at high concentration is shown; pos- 
sible further reactions are discussed. 

5. Dialysis restores the original titration curve near pH 10. 
This suggests that the methylene bridges break at their amino 
ends. Near pH 7, the titration curve is not completely restored 
by dialysis, suggesting that irreversible reaction has occurred. 


Acknowledgments—The author is indebted to Drs. J. T. Edsall, 
E. H. Frieden, and J. Wyman, Jr. for many helpful discussions 
of this reaction. 
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It was previously shown (1) that in the corneal epithelium 
pyruvate stimulated the anaerobic oxidation of the C-1 of glu- 
cose. This stimulation appeared to be the result of reactions 
coupling the reduction of triphosphopyridine nucleotide by the 
dehydrogenases of the phosphogluconate oxidation pathway with 
the oxidation of TPNH by lactic dehydrogenase. Stimulation 
of the C-1 oxidation of glucose has also been demonstrated in 
tumor cells (2) and in retina (3, 4). It was thought worthwhile 
to ascertain whether the TPNH activity of retinal lactic dehy- 
drogenase is compatible with the idea that the enzyme may serve 
as a means of reoxidizing TPNH in the intact tissue. This 
report describes the TPNH and DPNH activity of retinal lactic 
dehydrogenase and the apparent heterogeneity of the enzyme. 


EXPERIMENTAL 


An extract of frozen cattle retina was prepared by homogeniz- 
ing 50 g of the thawed tissue, about 70 retinas, in 3 parts of 
water, and after clarification by centrifugation at about 10,000 x 
g, 1 volume of saturated ammonium sulfate was added slowly 
with stirring and the precipitate rejected. Solid ammonium sul- 
fate was then added to 75% saturation, the precipitate was trans- 
ferred with a minimum amount of water to cellophane casing, 
and dialyzed overnight against cold running tap water. The 
retinal extract contained about 85% of the lactic dehydrogenase 
activity of the clarified water homogenate and represented a 6- 
to 8-fold purification. An extract of cattle corneal epithelium 
was prepared by homogenizing the thawed tissue in 3 volumes 
of water, clarified by centrifugation, and dialyzed against cold 
running tap water. Both extracts were stored frozen. 

Zone electrophoresis on starch paste in 0.05 m Verona! buffer 
of pH 8.6 was carried out for 40 to 60 hours at 400 volts and 9 to 
10 milliamperes employing a starch block 40 cm long, 5 cm wide, 
and 14 cm thick. Centimeter segments were cut, stirred with 
5 ml of 0.1 m phosphate buffer of pH 7.4, and the lactic dehy- 
drogenase activity measured in the supernatant fluid after per- 
mitting the starch to settle out. The volume of liquid contrib- 
uted by each segment cut from the block was 0.44 ml per g of 
wet starch; a correction was made for this volume in calculating 
the recovery of enzymatic activity from each segment. 

Enzymatically generated DPNH was a Sigma product. 
TPNH was generated by incubating 5 mg of TPN, 2.3 mg of 
glucose 6-phosphate, and 2.0 mg of glucose 6-phosphate dehy- 


* The study has been supported in part by the United States 
Public Health Service, Grant No. B-1808, and the United States 
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drogenase (Sigma type II) in 3 ml of 0.05 m phosphate buffer of 
pH 7.6 for 2 hours. The TPNH preparation was essentially free 
of DPNH as indicated by its failure to show any loss in absorp- 
tion at 340 my in the presence of retinal lactic dehydrogenase 
and pyruvate at pH 7.9. At this pH the enzyme oxidizes 
DPNH very rapidly, but activity with TPNH is virtually un- 
detectable. The recovery of enzyme in each segment was cal- 
culated from the decrease in optical density at 340 my employ- 
ing a mixture containing 2.8 ml of 0.1 m phosphate buffer of 
pH 6.0, 0.2 umole of DPNH or TPNH, 0.5 umole of sodium 
pyruvate for the assay with DPNH or 10 wmoles for the assay 
with TPNH, and enzyme in a final volume of 3.0 ml. Readings 
were taken every 15 seconds. The enzyme was diluted until 
the reaction was linear with time. In the determination of 
Michaelis-Menten constants the initial velocity of the reaction 
was maintained for at least the first minute even with the lowest 
concentration of pyruvate or reduced pyridine nucleotide em- 
ployed. A unit of activity is defined as a change in optical 
density at 340 my of 0.001 per minute at 24°. 


RESULTS 


As noted in a preliminary report (5) retinal lactic dehydro- 
genase is capable of functioning to some extent with TPNH al- 
though DPNH appears to be the preferred coenzyme. The 
apparent lactic dehydrogenase activity with TPNH could not 
be attributed to the presence of transhydrogenase since dialyzed 
extracts of retinal lactic dehydrogenase were devoid of trans- 
hydrogenase activity when tested by the procedure of Colowick 
et al. (6). An attempt was made to separate the TPNH activ- 
ity from that with DPNH by electrophoresis on starch paste. 
As shown in Fig. 1A, five peaks of lactic dehydrogenase activity 
were observed. Each fraction which possessed enzymatic ac- 
tivity with DPNH also functioned with TPNH and the fraction 
with the highest DPNH activity also exhibited the highest 
TPNH activity. We were thus unable to obtain evidence sug- 
gesting that retinal lactic dehydrogenase with TPNH was sepa- 
rable from that with DPNH. 

In view of the apparent similarities of the five components of 
retinal lactic dehydrogenase, one of them, Peak III, was selected 
for a more detailed study before attempting to compare the 
properties of the individual peaks. The influence of the concen- 
tration of substrate and pH on the enzymatic activity with 
DPNH and TPNH was investigated. In these studies 0.2 umole 
of either form of reduced pyridine nucleotide was used in a final 
volume of 3 ml of reaction mixture since enzymatic activity was 
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Fic. 1. The separation of the lactic dehydrogenase (LDH) ac- 
tivity of retina (A) and of corneal epithelium (B) by zone electro- 
phoresis on starch. Segments were cut from the block after the 
hemoglobin band migrated 20 cm, extracted, protein in each frac- 
tion estimated (21), and the enzymatic activity determined as 
described in the text. TPNH activity, @——@; DPNH activity, 
and protein, ¥V——¥. 


unaltered when from 0.16 to 0.26 umole of coenzyme were pres- 
ent. As shown in Table I, the concentration of pyruvate re- 
quired for maximal activity at pH 5.5 with TPNH was 10- to 
20-fold higher than that required when DPNH was employed. 
The lactic dehydrogenase activity with DPNH was subject to 
inhibition at high pyruvate concentrations, a finding noted many 
times for lactic dehydrogenase from other sources (7-11). No 
similar effect was observed with TPNH. This is further illus- 
trated in Fig. 2 by the pH optimum curves obtained with the 
lactic dehydrogenase activity of Peak III. It can be seen that 
the activity with TPNH lies in an acid region with the optimum 
PH near 5.5. On the other hand the pH activity curve with 
DPNH with the same pyruvate concentration showed highest 
activity in the vicinity of pH 7.9 and considerable inhibition by 
pyruvate below pH 7. At the lower level of pyruvate, the en- 
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Taste | 
Effect of varying pyruvate concentrations on 
lactic dehydrogenase activity 

Reaction mixtures contained retinal enzyme, 0.05 ml of Peak 
III, 0.2 wmole of either DPNH or TPNH, and pyruvate as indi- 
cated in 0.05 mM acetate buffer (pH 5.5), or 0.1 m Tris buffer (pH 
7.9) in a final volume of 3 ml. The results are expressed in units 
of lactic dehydrogenase activity. 


Pyruvate, | | | | | | | 
wmoles 
______ 0.02 0.05 0.10 0.20 0.50 1.0 | 2.0 | 5.0 | 10.0 | 20.0 30.0 40.0 30.0 

pH Coenzyme | | | | | | | 

—|—|— — | —!— |— |---| — 
5.5TPNH 1 1 2 3 5 11 18 26 32 33) 33 31 30 
5.5DPNH 22 36 59 85 106 104 91 64 46 26 25 23 20 
7.9DPNH 4 8 14 28 55 78 105 127 119 107 97 79 66 


ACTIVITY 


Fic. 2. Lactic dehydrogenase activity with DPNH and TPNH 
at various pH values. The enzyme, 0.03 ml of Peak III, was in- 
cubated in a final volume of 3.0 ml with 0.2 wmole of reduced py- 
ridine nucleotide, buffer, and pyruvate. The buffers employed 
with DPNH were 0.05 m acetate (pH 4.8 to 6.0), 0.05 m phosphate 
(pH 6.0 to 7.4), and 0.1 mM Tris (pH 7.4 to 9.6). DPNH activity 
with | umole of pyruvate, 7——V; DPNH activity with 10 wmoles 
of pyruvate, ¥——¥V; TPNH activity with 10 umoles of pyruvate 
in 0.05 m phosphate buffer, O ---O; and in 0.05 m acetate buffer, 


zyme showed maximal activity with DPNH over a broad plateau 
from pH 5.5 to about 7.5. However, above pH 7.3, with this 
pyruvate concentration the enzyme was not saturated with sub- 
strate. It was not possible to find an intermediate concentration 
of pyruvate which would saturate the enzyme in the alkaline pH 
range, and not cause inhibition in the acid pH range. The shape 
of the pH activity curve thus depends on the pyruvate concen- 
tration selected. 

The Michaelis-Menten constants (Table II) indicate that the 
affinity of the enzyme for pyruvate decreases with increasing pH 
both in the presence of DPNH and TPNH. In addition, at 
the same pH pyruvate is bound about 20 to 26 times more 
tightly in the presence of DPNH than in the presence of TPNH. 
At the same pH and optimal pyruvate concentrations the enzyme 
appears to have a somewhat greater affinity for DPNH than 
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TPNH. This is in accord with the properties of crystalline beef 
heart lactic dehydrogenase which was found to require a higher 
concentration of TPNH than DPNH for maximal activity. 
Studies were carried out to determine whether the presence of 
five peaks of lactic dehydrogenase activity obtained by zone 
electrophoresis indicated true heterogeneity of the enzyme or 


Il 
Michaelis-Menten constants for pyruvate, DPNH, and TPNH 
The enzyme, Peak III, was incubated with additions as indi- 
cated in a final volume of 3.0ml. The following buffers were used: 
0.05 mM acetate (pH 5.5), 0.1 m phosphate (pH 6.0), 0.1 m Tris (pH 
7.4), and 0.1 m Tris (pH 7.9). 


Additions pH Km | 

pmoles 
DPNH, 0.2 5.5 Pyruvate 4.5 X* 10° 
DPNH, 0.2 6.0 Pyruvate 6.0 xX 10° 
DPNH, 0.2 7.4 Pyruvate 2.4 X 10 
DPNH, 0.2 7.9 Pyruvate 2.8 X 10 
TPNH, 0.2 5.5 Pyruvate 9.0 X 10% 
TPNH, 0.2 6.0 Pyruvate 1.6 X 10°% 
Pyruvate, 1 5.5 DPNH 1.8 X 10° 
Pyruvate, 10 5.5 TPNH 7.6 X 10-5 

III 


Mobilities of lactic dehydrogenase components relative to hemoglobin 

The mobility of each of the peaks obtained on zone electro- 
phoresis was divided by the mobility of hemoglobin and the rela- 
tive mobilities are shown for several trials. 


| Peak 
Preparation Trial 
Il IV Vv 
Retina 0.54 0.75 1.08 1.37 1.56 
2 0.59 O.88 1.17 | 1.41 | 1.65 
3 0.44 O.83 1.17 | 1.49 | 1.76 
4 0.61 0.87 1.18 1.39) 1.65 
5 0.57 | 0.83 | 1.07 | 1.31 | 1.52 
6 0.61 | 0.74 | 1.06) 1.31) 1.54 
Corneal epithelium 1 | 0.47 0.79) 1.11 
2 0.50 O.85 15 | 
TaBLe IV 


Distribution of lactic dehydrogenase activity 
after starch electrophoresis 
Enzymatic activity was estimated as described in the text and 
the relative distribution of activity recovered in the various peaks 
is shown. 


_ Total activity recovered in each peak 
Preparation Trial 
| | m 
Retina 1 | 17.0 25.6 | 26.6 14.3 | 16.2 
2 | 13.7 | 23.6 | 29.3 | 17.2 | 16.2 
3 20.0 | 21.0 | 28.0 15.4 15.2 
4 | 23.5 | 24.5 | 28.0 | 13.4 10.6 
| | 
Corneal epithelium 64.0 | 29.8; 6.1 
56.7 | 32.0 | 10.6 


Retinal Lactic Dehydrogenase 
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whether they were the result of degradation or aggregation of a 
single species of enzyme. 

It was possible to related the mobility of each component to 
that of bovine hemoglobin which was present as a contaminant 
and migrated as a faintly visible zone. Results were highly 
reproducible and it was possible to predict the location of each 
component on the block from the position of the hemoglobin 
band (Table III). 

In addition the proportion of the total activity recovered in 
each peak was approximately the same from one run to another 
(Table IV). From 90 to 100% of the enzymatic activity put 
on the block was recovered. Results were the same when the 
Veronal buffer was replaced with 0.1 m Tris-HCl! buffer of pH 
8.6. With polyvinyl resins as the supporting medium a similar 
separation yielding five components with lactic dehydrogenase 
activity was achieved but there was considerable overlapping of 
the peaks. 

Each of the components retained its activity on storage for 
four weeks at 3° but could not be stored frozen. Enzymatic 
activity was lost almost completely on overnight dialysis against 
distilled water at 3° or cold running tap water. The fractions 
appeared to be equally susceptible to inactivation by urea; about 
60° of the initial activity was lost from each in 0.8 m urea at 
3° on storage overnight. 

In view of the instability of the components to freezing or 
dialysis the possibility was considered that the five peaks may 
have been artifacts resulting from the use of these procedures to 
prepare the retinal extract. This appeared to be unlikely since 
an extract prepared by homogenizing 13 g of fresh tissue, 20 
retinas, in 3 volumes of water and clarified by centrifugation at 
about 40,000 x g also gave five peaks of enzymatic activity on 
zone electrophoresis. 

A comparison of the five peaks of retinal lactic dehydrogenase 
activity (Table V) indicates that each is very similar in the rela- 
tive activity displayed with DPNH and TPNH, but differences 
were noted in the degree of inhibition by pyruvate at pH 5.5. 

Although about half of the lactic dehydrogenase activity was 
lost from fractions which were dialyzed for two to three hours 
and concentrated by lyophyllization, the remaining activity ex- 
amined by starch electrophoresis migrated as a single peak at 
the same rate as previously. There was no evidence of inter- 
conversion of the components, and it would appear that the 
peaks were not artifacts resulting from degradation. 

The use of hemoglobin as a marker in starch electrophoresis 


Tasie V 
Comparison of activity of retinal lactic dehydrogenase 
fractions after starch electrophoresis 
The enzyme and additions as indicated were incubated in a final 
volume of 3.0 ml employing 0.1 m Tris buffer (pH 7.9) or 0.05 m 
acetate buffer (pH 5.5) and for each peak enzymatic activities 
are shown relative to the activity observed at pH 7.9. 


| Additions | Peaks 
wate | DPNH | TPNH | I II Ill | IV | Vv 
| 
| | pmole umole — | | 
7.9 10 | 0.2 | 100 100 100 | 100 100 
5.5 | 10 | 17) 4) 19) 
5.5 | 10 | 0.2 | 
9% 91) 90) 81! 71 


December 1959 


to compare the enzymatic activity from one tissue with that 
from another is illustrated in experiments with extracts of corneal 
epithelium. As shown in Fig. 1B, three peaks of lactic dehy- 
drogenase activity were obtained. Their rates of migration rela- 
tive to hemoglobin were identical to those of the three more 
slowly moving components of the retinal extract. 


DISCUSSION 


In ocular tissues where extremely high activities of lactic de- 
hydrogenase have been observed (13), the capacity for the re- 
oxidation of TPNH by the reduction of pyruvate may be con- 
siderable. The idea of a functional role for the enzyme in the 
oxidation of TPNH is supported by the observations that the 
anaerobic oxidation of C-1 of glucose is increased by pyruvate 
§-fold in the corneal epithelium (1), and 15-fold in the retina (3). 
In the corneal epithelium this has been attributed to the inter- 
action of the TPN-dependent dehydrogenases of the phospho- 
gluconate oxidation pathway with lactic dehydrogenase (1) and 
a stoichiometric relation between C-1 oxidation and lactate for- 
mation was observed. Cohen and Noell (4) in a preliminary 
report also noted a stimulation of the oxidation of C-1 of glucose 
in retina and state that pyruvate appears to be the principal 
electron acceptor for the phosphogluconate oxidation pathway. 
According to their report, pyruvate is presumably reduced to 
lactate. 

Apparently the possible importance of the lactic dehydrogenase 
activity with TPNH is not limited to ocular tissues. Navazio 
etal. (14) found a pH activity curve for liver lactic dehydrogenase 
which is similar to that of the retinal enzyme in that pH values 
acid to 7 favor TPNH oxidation. By comparing the available 
means by which TPNH may be reoxidized they conclude that 
even at pH 7.4 the lactic dehydrogenase reaction may provide a 
significant mechanism whereby TPN is regenerated. 

Although retinal lactic dehydrogenase appears to have a 
higher ratio of TPNH to DPNH activity than that observed 
for the liver enzyme (14), the difference may be in the prepara- 
tion of TPNH used. Lower activity was always found with the 
commercially available TPNH than with TPNH generated en- 
zymatically. 

In a detailed study of the oxidation of C-1 of glucose Wenner 
et al. (2) have observed a 3-fold stimulation by pyruvate in 
ascites tumor cells and at the same time failed to observe a 
stimulation in mouse liver slices. This observation is consistent 
with their finding that the ratio of TPNH to DPNH activity for 
lactic dehydrogenase from ascites cells was somewhat higher 
than that reported for liver. In ascites cells (2) as in ocular 
tissues (1, 3, 4) it appears that the pyruvate stimulation involves 
lactic dehydrogenase rather than CO, fixation to form malate or 
pyridine nucleotide transhydrogenase. 

The stimulation by pyruvate of the oxidation of C-1 of glucose 
appears to be very significant in corneal epithelium, retina, and 
ascites tumor cells, tissues which are unusual in that they exhibit 
a high rate of aerobic glycolysis as well as a pronounced Pasteur 
effect. At this time, however, sufficient evidence is not available 
to establish the relative importance of lactic dehydrogenase ac- 
tivity with TPNH in the metabolism of the intact cell. 

An interesting feature emerging from the current study is the 
apparent heterogeneity of lactic dehydrogenase in ocular tissues. 
This heterogeneity of the enzyme in extracts of the retina and 
corneal epithelium is not surprising in view of reports of similar 
findings in many mammalian tissues (15-17). It is of interest 
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that three peaks of lactic dehydrogenase activity were found 
when extracts of rabbit cornea were subjected to chromatography 
on modified cellulose columns (18). The three components of 
corneal epithelium display mobilities indistinguishable from those 
of the three more slowly moving retinal lactic dehydrogenase 
peaks but are present in different proportions in the two tissues. 
Evidence which would indicate whether components of identical 
mobility from different tissues are in other respects identical is 
not vet available. 

Since it has not been possible to show interconversion of the 
components when each is subjected to zone electrophoresis a 
second time it seems unlikely that the components represent en- 
zymatically active degraded fragments of one parent molecule. 

The question of whether electrophoretically separable com- 
ponents of an enzyme represent different states of aggregation 
of the same molecule was examined for crystalline cattle heart 
lactic dehydrogenase (19), where the two electrophoretically sep- 
arable components sedimented as a single component in the 
ultracentrifuge, and for serum (20) where the three components 
sedimented at the same rate. These results suggest that the 
lactic dehydrogenase components in a given tissue are not aggre- 
gates. 

It was anticipated that the striking differences in mobility of 
the peaks would be reflected in similar differences in stability or 
enzymatic activity. However, the stability of the components 
to dialysis, freezing, and urea was very similar. The most pro- 
nounced difference was the degree of inhibition noted at low pH 
values by pyruvate in the oxidation of DPNH. 


SUMMARY 


The lactic dehydrogenase activity of cattle retina has been 
separated electrophoretically into five components; that of cor- 
neal epithelium into three components whose mobilities corre- 
spond to those of the three more slowly moving components of 
the retina. The stabilities and enzymatic activities of the com- 
ponents are strikingly similar. All of these lactic dehydrogenase 
components display activity with reduced triphosphopyridine 
nucleotide as well as reduced diphosphopyridine nucleotide and 
the relatively high ratio of reduced triphosphopyridine nucleotide 
to reduced diphosphopyridine nucleotide activity compared to 
that reported for liver is in accord with the postulation of a more 
significant role for lactic dehydrogenase in the utilization of re- 
duced triphosphopyridine nucleotide by ocular tissues. 


Acknowledgments—The authors are indebted to Miss Con- 
stance M. Bailey and Mrs. Irene A. Griffin for technical assist- 
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In 1925, Collip (1) reported that an endocrine substance, 
extracted from parathyroid tissue with hot hydrochloric acid, 
corrected the hypocalcemia which followed parathyroidectomy. 
Extracts made by this method had been important in early 
biological studies, but have been difficult to purify, and have 
seemed to contain several active, but unstable components (2, 3). 

Lately other solvents have been used in an effort to obtain the 
active principle in more homogeneous form. A potent fraction 
has been prepared with weak acid in the cold (4), but simple 
aqueous solutions generally have been poor extractants. Ras- 
mussen (5, 6) has obtained highly purified, although incompletely 
stable material from extracts made with hot 80°; acetic acid, a 
solvent advanced for this purpose by Davies and Gordon (7). 

Strong phenol solutions have been used to extract a more 
stable, uniform substance in high vield (8). The product ob- 
tained by this means was easily purified to a form suitable for 
further chemical and biological studies, and its isolation is de- 
seribed herein. 


EXPERIMENTAL 


The modification of Lowry (9) was used for measuring protein 
concentration with Folin reagent. As previously described (10), 
fractions prepared in gelatin medium were assayed against para- 
thyroid injection, U.S.P. (Lilly) as a standard by measuring the 
calcium in the serum of parathyroidectomized rats 4 hours after 
injection. 


RESULTS 


Fat was removed from acetone-dried glands' (708 g equivalent 
to 5084 g of fresh glands) by homogenizing successively with 
acetone (2.5 ml per g), and twice with chloroform (each with 2.5 
ml per g). After a final extraction with acetone (1.7 ml per g), 
the material was washed with acetone and dried in air; 708 g 
vielded 499 g of crude gland powder. The method of extraction 
employed earlier (8) was simplified by the use of a concentration 
of phenol greater than 737. Crude gland powder was stirred 
with 90°) weight per volume phenol (liquefied phenol, U.S.P., 
10 ml per g of tissue) for 2 hours at room temperature; 5 volumes 
of a solution of acetic acid-acetone, 1:4, and 0.004 m in sodium 
chloride were added, and the mixture was cooled at 5° for 1 hour. 
The inert solids were removed by filtration, and an equal volume 


* Post doctoral Research Fellow of the National Institute of 
ner ang and Metabolic Diseases, United States Public Health 

rvice. 

' Generously supplied by Dr. G. Irwin, Eli Lilly Company, 
Indianapolis, Indiana. 


of ether was added to the filtrate. After standing overnight in 
the cold, the active precipitate was collected on a filter, washed 
with acetone, and dried in a vacuum. The crude extracts as- 
sayed 20 units per mg and averaged 5.6% of the weight of 
defatted powder in six experiments. The yield was 20° higher 
than that obtained from smaller amounts of crude powder (8). 
The dried crude extract (4 to 6 g) was dissolved in 80° acetic 
acid (20 ml per g), 3 volumes of water were added, and the mix- 
ture was filtered with the aid of Celite. Sodium chloride, added 
to a concentration of 6°; in the filtrate, caused formation of a 
precipitate which was allowed to settle and was then removed 
by filtration. The precipitate was re-extracted with 80°, acetic 
acid (20 ml per g of crude extract), 3 volumes of water were added, 
and inert matter was precipitated with 6° sodium chloride. To 
the combined filtrates, trichloroacetic acid was added to a con- 
centration of 3°;, and the mixture was cooled at 5° for 1 hour. 
The precipitate, collected by centrifugation, was washed once 
with 3°; trichloroacetic acid, suspended in 0.02 nN hydrochloric 
acid (10 ml per g crude extract), and extracted five times with 
1.5 volumes of peroxide-free ether. The clear solution was 
treated with freshly washed IRA-400 acetate resin and lyo- 
philized. In seven experiments the weight of this product aver- 
aged 6.3 (2 to 10)°; that of the crude extract and assayed 340 
(200 to 600) units per mg. Approximately 10°; of the total 
activity of the crude extract was discarded in the second salt 


- precipitate. 


The partially purified material was dissolved in 20°, acetic 
acid at a concentration of 4 to 5 mg per ml and sodium chloride 
was added to 3°;. After saturating the solution with n-butanol 
it was loaded into the first three tubes of a countercurrent train 
(10 ml per phase per tube). The pattern shown in Fig. | was 
obtained after 100 transfers had been carried out in a system of 
n-butanol against 20° acetic acid-3°% sodium chloride; 80 to 90% 
of the activity was found in the central region, which corre- 
sponded to a distribution coefficient of 0.85. The remainder of 
the activity was divided equally among the other two peaks. 
Redistribution for 56 transfers of the material recovered from a 
100-tube fractionation gave a pattern close to theoretical (Fig. 
2). The active fraction was recovered by evaporating the 
solvents to dryness, suspending the solids in weak acetic acid, 
and precipitating the hormone with 3% trichloroacetic acid. In 
two preliminary experiments recovery was tested with a method 
reported by Dixon (11). The hormone was adsorbed onto a 
2 x 6 em column of Amberlite XE-64 resin in the hydrogen 
form from a 6° sodium chloride solution adjusted to pH 3.0 to 
3.5 with acetic acid. Salts were washed from the column with 
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Fic. 2. Redistribution of hormone (14.6 mg) recovered from 
100-tube fractionation. System: n-butanol against 3% sodium 
chloride in 20°, acetic acid. @, experimental; broken line, theo- 
retical. 


Taste 
Assay data for countercurrent preparations* 


| Potency? | 
| 
4-22 a 2430 | 1, 250-7, 100 0.40 
1380 480-5, 850 0.39 
5-14 | a 3080 1, 250-16 ,000 0.36 
b 4080 2 320-8 , 880 0.23 
c 3800 1, 140-24,,600 0.43 
5-27 | a 1450 740-3 , 120 0.29 
| b 3360 1, 460-11, 600 0.32 
| Average 2800 0.35 


* Calculated according to Gaddum (12) from 4-point assays 
with four animals per group. 

t U.S.P. units per mg dry weight (not corrected for ash content 
which ranged from 2 to 20°). 
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5% acetic acid and the hormone was then successfully eluted 
with 50°% acetic acid but still contained some salt. The counter. 
current products, lyophilized as the acetate, were soluble in 
water, acid, alkali, or salt solutions and contained 13.8% nitrogen 
(not corrected for water content). Altogether nine distributions 
of from 56 to 250 transfers each were carried out and the distribu- 
tion coefficient averaged 0.85 (0.75 to 0.90). 

The active substance from 100-tube distributions appeared as 
a single component with R, 0.5 to 0.6 when chromatographed on 
paper in butanol-water-acetic acid, 50:50:18. 

The activity of products at each stage of purification was not 
altered significantly when tested 2 months after storage as dry 
powders at room temperature. Data from several statistically 
valid assays of purified material are shown in Table I. Though 
less than optimal, the precision of these assays was surprising in 
view of the small number of animals used. The potency of the 
final product was similar in comparison with the bioassay stand- 
ard when tested by measuring phosphorus excretion in para- 
thyroidectomized rats (13). 


DISCUSSION 


Parathyroid hormone seemed tightly bound in glandular tissue 
and could not be removed with simple aqueous solvents which 
readily dissolve the purified substance (3). But it was observed, 
in extension of the findings of Rasmussen, that treatment of the 
tissue with hot 0.2 ~ hydrochloric acid, conditions likely to 
hydrolyze nucleic acids, freed adenine and guanine as well as the 
active principle. This suggested that an important factor in 
extraction of the hormone may be its release from closely as- 
sociated nuclear matter. The use of phenol to separate proteins 
from nucleic acids (14, 15), and its successful application for 
extraction of parathyroid hormone, supported this thesis. The 
active principle in crude extracts had been shown to be stable to 
and soluble in phenol by Tweedy (16). Aqueous solutions of 
60°) guanidine or 100% trichloroacetic acid, useful solvents for 
nucleoprotein, were also effective extractants, but the product 
seemed unstable after treatment with these agents. 

Active fractions from either of the two commonly used hot acid 
extraction methods could be adsorbed on carboxymethy! cellulose 
(0.7 meq. per g) from solution in 1 N acetic acid? However, the 
phenol-extracted material seemed to be a less basic compound 
and was not retained under these conditions. Dissimilar be- 
havior between extracts made with acetic acid and of those made 
with hydrochloric acid have been reported (17), and it is likely 
that the active fractions derived from the several extraction 
procedures are different but probably closely related. The stable 
nature of the fractions described in the present report was dif- 
ficult to explain in view of the findings of Rasmussen (18). He 
observed losses of activity from 50 to 70°, when purified acetic 
acid material was stored as a dry powder for 1 to 2 weeks. Gly- 
cine added before drying partially prevented the losses and after 
inactivation potency could be restored by treatment with cys 
teine. Thus inactivation seemed related to oxidation, but this 
does not fully explain the greater stability of products prepared 
with phenol. Structural studies may resolve the differences be- 
tween materials derived by different methods. 

Bioassays indicated that crude phenol extracts were slightly 


? R. N. Beck, E. B. Astwood, and G. D. Aurbach, unpublished 
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more active than the commercial material used as a standard, 
and that potency was easily increased 15-fold by salt fractiona- 
tion. The further 10-fold concentration achieved by counter- 
current distribution gave a product 2800 times as active as crude 
gland powder. Within the limits of the assays used the activity 
of the final product agreed well with this degree of concentration 
and indicated that large losses were not sustained. 

Although 100-transfer distributions were used for preparative 
purposes, the major impurities were widely separated from the 
fraction of interest, and 6 to 8 transfers should allow recovery of 
the hormone in sufficient purity for most purposes. 

Early crude extracts which had marked effects on calcium 
metabolism also enhanced the excretion of phosphate in the urine 
(19). Other investigators had proposed that a distinct hormone 
may account for the latter effect. The isolation of a single sub- 
stance, a potent mediator of both biological effects, seems to end 
this controversy. 


SUMMARY 


Parathyroid hormone was prepared from extracts made with 
phenol at room temperature; the active principle, isolated by 
countercurrent distribution, was stable and appeared homogene- 
ous on paper chromatograms. Bioassays indicated that little 
loss of activity occurred during fractionation and the potency of 
the final product was 2800 units per mg. Both caleium-mobiliz- 
ing and phosphaturic properties were attributed to a single 
hormonal substance. 


G. D. Aurbach 
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The major pathway of histidine metabolism in animals and 
bacteria other than incorporation into protein involves first 
deamination to urocanic acid, then the anaerobic addition of 
water to form an intermediate generally considered to be 4(5)- 
imidazolone-5(4)-propionic acid (1,2). Finally, the ring is split 
enzymatically to L-formiminoglutamic acid (3) which is converted 
to free t-glutamic acid by transfer of the formimino group to 
tetrahydrofolic acid (4, 5). In the course of a study of the 
urinary metabolites of L-histidine-C™ in the rat and monkey, a 
new metabolite of the urocanic acid pathway was found and 
identified as hydantoin-5-propionic acid (6). In investigating 
the sequence of reactions between urocanic acid and hydantoin 
propionic acid, techniques were developed for stabilization and 
isolation of the intermediate, imidazolone propionic acid (7). 
This paper describes the enzymatic and nonenzymatic reactions 
of purified imidazolone propionic acid-2-C™ and demonstrates 
the direct enzymatic formation of L-hydantoin-5-propionic acid 
from this intermediate by an oxidase from the soluble fraction of 


guinea pig liver. 
EXPERIMENTAL 

Materials—1-Hydantoin-5-propionic acid was synthesized from 
L-glutamic acid by the method of Dakin (8). It is racemized by 
prolonged heating in acid. Both the L and pL forms were puri- 
fied by repeated recrystallization from water. Radioactive pL- 
hydantoin propionic acid was synthesized from uniformly labeled 
L-glutamic acid-C™ (Schwarz Laboratories) by the same method 
and purified by Dowex l-acetate chromatography. Synthetic 
formylisoglutamine and formiminoglutamic acid were generously 
provided by Dr. H. Waelsch and Dr. H. Tabor, respectively. 

Radioactive urocanic acid was synthesized enzymatically from 
L-histidine-2-C™ (Nuclear-Chicago) (9). Other reagents were 
obtained from commercial sources. 

The isolation, purification, and stabilization of the hydrolytic 
pathway intermediate is described in the accompanying paper 
(7). Radioactive imidazolone propionic acid was synthesized 
and purified in the same manner from urocanic acid-2-C™, It 
was shown to have no detectable urocanic acid (less than 147) 
by an isotope dilution assay. 

Preparation of Liver Urocanase—Liver from adult male animals 
was homogenized in 2 volumes of isotonic sucrose, centrifuged at 
78,000 x g for 1 hour, and the supernatant solution dialyzed 
against 10-3 m phosphate buffer for 18 hours. The dialyzed 


* Present address: Service de Biochimie Cellulaire, Institut 
Pasteur, Paris, France. 
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Partially puri- 
fied urocanase was prepared from guinea pig liver' by (NH,).S0, 
fractionation of the soluble fraction obtained after homogeniza- 
tion in 3 volumes of 0.1 mM sodium phosphate buffer pH 7.4 and 


supernatant was used without further treatment. 


centrifugation. The protein precipitating between 0 and 30% 
saturation contained practically all of the urocanase activity. It 
was dialyzed for 3 hours against 10-* m phosphate buffer pH 7.4 
and then stored at —10°. By this procedure, a 4-fold purifica- 
tion of urocanase activity was achieved. Most of the enzyme 
responsible for the formation of formiminoglutamic acid was re- 
moved, and there was a concomitant increase in the ability of the 
preparation to form hydantoin propionic acid, as will be described 
later. Further attempts at purification were unsuccessful, and 
it was not possible to separate urocanase activity from the hy- 
dantoin propionic acid-forming enzyme. The urocanase activity 
decreased 50° after 1 week at —10°. 

Assay of Urocanic Acid-2-C™ M etabolites—There are four radio- 
active compounds present in vitro after incubation of urocanic 
acid-2-C™ with liver preparations; t.e. hydantoin propionic acid, 
formiminoglutamic acid, formylisoglutamine, and unchanged 
urocanic acid. These were separated by two different tech- 
niques. The first, already described for the separation of these 
compounds in urine (6), consisted of fractionation on Dowex 1- 
acetate by gradient elution with acetic acid. For the preliminary 
studies which utilized rat liver preparations, the reaction mixture 
was boiled, filtered and passed through a Dowex 50, H* (5 x 1 
em, 200 to 400 mesh) column. Only formiminoglutamie acid 
and urocanic acid were adsorbed on the column and they were 
eluted with 50 ml of 2 n HCl. 

The radioactivity present as hydantoin propionic acid was 
determined by recrystallization with carrier from water to con- 
stant specific activity. Hydantoin propionic acid is soluble in 
hot water, but sparingly soluble at 0°. Approximately 35 mg of 
carrier were added to 0.2 ml of test solution and recrystallized 
at 0° in a hematocrit tube. Four subsequent recrystallizations 
from 0.2 ml of water freed the precipitate of trace amounts 
of urocanic acid-C™, formylisoglutamine, or formiminoglutamic 
acid. The specificity of this technique will be discussed more 
fully later. Formylisoglutamine was identified initially by co- 
chromatography and radioautography with the synthetic com- 
pound. The spot developed on the radioautogram conformed 
exactly in shape and configuration with the known spot stained 
with Cl, and KI (10). Radioactive formylisoglutamine was 


! Guinea pigs were adult males of a mixed colored strain pro- 
duced in a closed colony at the National Institutes of Health. 
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eluted from Dowex l-acetate in the same position as a synthetic 
sample. It was routinely determined by recrystallization to 
constant specific activity from ethanol:ether after the addition 
of carrier formylisoglutamine. Radioactive urocanic acid was 
determined by recrystallization to constant specific activity from 
water. The assay for formiminoglutamic acid-C™ has been 
described (6). The formimino group is hydrolyzed by NH,OH 
and the volatile products removed by addition of formic acid and 
subsequent evaporation to dryness (3). Samples of formimino- 
glutamic acid-2-C™ lose all their radioactivity by this treatment; 
radioactive urocanic acid and hydantoin propionic acid are not 
affected, while formylisoglutamine loses about 10 to 20°; of its 
radioactivity. 

Urocanase activity was assayed spectrophotometrically by the 
method of Mehler and Tabor (11). 

Oxygen uptake was measured in a Warburg apparatus. 

Counting of radioactive samples was done in a Packard Tri- 
Carb liquid scintillation counter. All samples were evaporated 
to drvness, dissolved in hyamine, and counted after the addition 
of the phosphor (12). As much as 15 mg of any of the organic 
compounds tested in these experiments could be dissolved directly 
in | ml of hvamine without significant quenching. About 50°; 
counting efficiency was routinely obtained with 1 ml of hyamine 
and 10 ml of the phosphor. 


RESULTS 


Formation of Hydantoin Propionic Acid by Liver Preparations—- 
In order to determine whether hydantoin propionic acid was 
formed directly from urocanic acid or from an intermediate of the 
hydrolytic pathway, attempts were made to destroy urocanase 
activity as measured by formiminoglutamic acid and formyliso- 
glutamine formation, and leave hydantoin propionic acid syn- 
thesis intact. The experiments were done with rat liver ho- 
mogenized in 2 volumes of isotonic sucrose; each assay system 
contained 11 wmoles of urocanic acid (containing 30,000 ¢.p.m.), 
1 ml of liver preparation, and 0.5 mmole of sodium phosphate 
pH 7.4, in a final volume of 6 ml. Both activities were wholly 
in the soluble fraction and were unaffected by dialysis against 
0.01 m phosphate buffer pH 7.4 for 16 hours. Rat kidney and 
brain had neither urocanase activity nor the ability to form 
hyvdantoin propionic acid. No cofactor requirement could be 
demonstrated for either urocanase activity or hydantoin pro- 
pionic acid synthesis. None of the following additions influenced 
the reaction in any way: concentrated dialysate of liver super- 
natant fraction, yeast extract, glucose, Krebs-Henseleit solution, 
DPN and TPN in either the oxidized or the reduced forms with 
or without nicotinamide. Aging and heat treatment always 
preferentially destroyed the formation of hydantoin propionic 
acid. Anaerobic incubation completely inhibited hydantoin 
propionic acid formation without affecting the synthesis of 
formiminoglutamic acid. The fact that hydantoin propionic 
acid formation could not be demonstrated in the absence of an 
active urocanase suggested that it originated by oxidation of the 
hydrolytic intermediate, rather than from urocanie acid directly. 

Because the hydantoin propionic acid forming ability of rat 
liver was so weak, the liver soluble supernatant fractions from 
four other species were tested. Table I shows the relationship 
of hvdantoin propionic acid formation to O, uptake. Only the 
guinea pig and rat preparations made appreciable amounts of 
hydantoin propionic acid, even though all were able to metabo- 
lize urocanic acid. However the rate of urocanic acid disappear- 


D. D. Brown and M. W. Kies 


3183 


Tasie I 


Oxygen uptake and hydantoin propionic acid formation 
by liver soluble fraction 


The reaction mixtures contained 0.5 ml of dialyzed liver soluble 
fraction (see text) and 0.2 mmole of sodium phosphate in a final 
volume of 3 ml, pH 7.4. After equilibration at 37°, 11.5 umoles 
of urocanie acid (30,000 ¢.p.m.) in 0.5 ml were added from the side 
arm. Oxygen uptake values are corrected for reaction without 
substrate. After 4 hours, the reaction was stopped by placing 
the vessels in a boiling water bath, and hydantoin propionic acid 
assaved by the isotope dilution technique. At this time there 
was no urocanic acid detectable in any reaction mixtures (11). 


Hydantoin 
Species Oxygen uptake propionic aci 
formation 
wmoles | moles 
Purified guinea pig urocanase | 1.54° | 1.17° 
| 0.65 | 0.11 
Mouse | 0.16 | 0 
Rabbit 0 | 0 
Cat.. 2.56 | 0 
* Average of 4 values. 
*’ Average of 3 values. 
ance in the various preparations was not determined. Purified 


guinea pig enzyme from which most of the formiminoglutamic 
acid forming enzyme had been removed, formed more hydantoin 
propionic acid per mole of urocanic acid and had increased O, 
consumption as well; this result is consistent with the formation 
of hydantoin propionic acid from the hydrolytic intermediate. 

Anaerobic Accumulation of Intermediate—Two groups have 
independently demonstrated the transient formation of the inter- 
mediate (imidazolone propionic acid) spectrophotometrically (13, 
14). With purified urocanase, Revel and Magasanik (14) meas- 
ured the disappearance of urocanic acid at 277 my (its maximum 
at neutral pH) and 260 my. When most of the urocanic acid 
had disappeared, there was a short period during which the 
optical density at 260 my exceeded that at 277 mu, demonstrat- 
ing the temporary accumulation of a compound with a different 
absorption maximum. If hydantoin propionic acid and formyl- 
isoglutamine are formed from imidazolone propionic acid, an 
anaerobic incubation should have a sparing effect on the inter- 
mediate, since both require molecular O,. This is demonstrated 
in Fig. 1. Aerobie and anaerobic incubations were carried out 
simultaneously. Aliquots were taken from the aerobic flask at 
varying time intervals, diluted in phosphate buffer and the optical 
density measured at 260 and 277 mu. When the intermediate 
had accumulated in the aerobic flask to the extent that the optical 
density at 260 mu exceeded that at 277, the anaerobic flask was 
opened and the decay of the intermediate followed at 260 my. 
The initial 260 to 277 ratio of 1.67 demonstrated that the in- 
creased optical density at 260 my was due to accumulation of 
intermediate rather than unchanged urocanic acid. 

Metabolites of Purified Intermediate-C“%—The products formed 
from aerobic incubation of imidazolone propionic acid-2-C™ with 
purified guinea pig urocanase are shown in the lower curve of 
Fig. 2. The single nonenzymatic peak (upper curve) identical 
with Peak C in the lower curve is formylisoglutamine. Peaks 
B and D are formiminoglutamic acid and hydantoin propionic 
acid, respectively. 
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Fig. 1. Anaerobic preservation of the intermediate. Both 
aerobic and anaerobic reaction mixtures contained 0.1 mmole of 
sodium phosphate, 0.5 ml of purified guinea pig urocanase and 11.5 
pmoles of urocanic acid in a final volume of 3.0ml, pH 7.4. They 
were incubated at 37° and aliquots of 0.2 ml were pipetted into 
4.8 ml of 0.1 mM sodium phosphate buffer, pH 7.4, and read im- 
mediately in a Beckman DU spectrophotometer at 277 and 260 my. 
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Fic. 2. Aerobic enzymatic and nonenzymatic metabolism of 
the intermediate (imidazolone propionic acid). The reaction 
mixtures contained 0.18 mmole of sodium phosphate, 1 ml of 
purified guinea pig urocanase (preheated 5 minutes in a boiling 
water bath for the nonenzymatic reaction), 0.2 ml of imidazolone 
propionic acid-C** in 0.1 HCl (13,000 ¢.p.m., approximately 1 
pmole) in a final volume of 3 ml, pH 7.0. They were incubated 
at 37° for 14 hours, then fractionated on 25 X 1 em Dowex 1-8 
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Fic. 3. Comparison of imidazolone propionic acid and urocanic 
acid oxidation rates. The reaction mixtures contained 0.2 mmole 
of sodium phosphate and 0.5 ml of guinea pig enzyme (intact or 
preheated for 5 minutes in a boiling water bath). After tempera- 
ture equilibration at 37°, the substrate was added from the side 
arm, giving a final volume of 3.0 ml, pH 7.0. In the case of uro- 
canic acid, 11.5 wmoles were added in 0.5 ml of water; the inter- 
mediate concentration was approximately 5 to 10 wmoles in 0.05 
ml of 0.1 HCl. 


O, Uptake of Purified Intermediate and Urocanic Acid—To 
determine whether the two oxidative metabolites of imidazolone 
propionic acid, i.e. hydantoin propionic acid and formylisoglu- 
tamine, were formed directly from it or required the formation 
of still another intermediate, imidazolone propionic acid and 
urocanic acid were compared as substrates for the oxidative reac- 
tions. Fig. 3 shows the rates of oxygen uptake in the presence of 
purified urocanase. All values were corrected for boiled enzyme 
incubated with urocanic acid in an identical manner. There was 
no oxygen uptake with intact enzyme in the absence of substrate. 
With urocanic acid as the substrate, there is a marked lag before 
O, uptake begins. This is in contrast with the immediate linear 
consumption of O, either enzymatically or nonenzymatically from 
imidazolone propionic acid decay. Therefore, there is no reason 
to believe that either the nonenzymatic decay to formylisogh- 
tamine or the enzymatic oxidation to hydantoin propionic acid 
requires an intermediate other than imidazolone propionic acid. 
The decreased O, uptake in the enzymatic reaction may be 
ascribed to the formation of formiminoglutamiec acid, which does 


acetate columns (100 to 200 mesh). The elution was carried out 
in three stages (50 drops per tube), first with 0.75 N~ acetic acid 
dripping into a 200-ml water reservoir for 50 tubes, then 2 8 
acetic acid into the same reservoir for the next 50 tubes, and 
finally a straight 6 N acetic acid elution for tubes 101 to 120. Ali- 
quots of the odd numbered tubes were counted. The lower curve 
demonstrates the enzymatic metabolites, the upper, the non- 
enzymatic product. 
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not require oxygen but effectively reduces the substrate available 
for the two aerobic reactions. 

The anaerobic metabolism of imidazolone propionic acid-C™ 
is shown in Fig. 4. The major metabolite, Peak B, is formimino- 
glutamic acid. Only traces of formylisoglutamine and hydantoin 
propionic acid (C and D) were formed, presumably from a small 
amount of unchanged imidazolone propionic acid, which was 
metabolized aerobically when the flask was opened. 


Reversibility of Hydrolytic Pathway—Reversibility of the uro- = 
canase reaction was demonstrated by a brief 10-minute anaerobic = 


incubation of imidazolone propionic acid-C™ with purified guinea 
pig urocanase. The reaction was stopped by boiling, and the 
mixture fractionated directly on Dowex l-acetate. A small peak 
preceding the formiminoglutamic acid peak (Peak A, Figs. 2 and 
4) was identified as urocanic acid by the isotope dilution 
technique. It represented 5°; of the total radioactivity. The 
imidazolone propionic acid-C™ used in this experiment contained 
no detectable urocanic acid (less than 1°) by the same technique. 
[dentificationof Enzymatic Hydantoin Propionic Acid as somer 
—A large scale isolation of formylisoglutamine and hydantoin 
propionic acid was done to determine which isomers were present. 
The reaction mixture incubated aerobically for 5 hours at 37° 
contained 570 mg of urocanic acid -2H,O0 (with 30,000 ¢.p.m. of 
urocanic acid-2-C™), 50 ml of purified guinea pig urocanase, and 
100 ml of 0.05 m sodium phosphate pH 7.4. The protein was 
precipitated with a final concentration of 5°; trichloroacetic acid, 
the filtrate evaporated in a vacuum and fractionated ona Dowex 
l-xS acetate column (40 « 1 cm) with a gradient elution of 
0.75 ~ acetic acid dripping into a 200-ml water reservoir (50 
drops per tube for 100 tubes). Aliquots from the odd tubes were 
counted. Two radioactive peaks corresponding to formyliso- 
glutamine and hydantoin propionic acid were found. Tubes 
containing radioactivity were pooled and dried. The first com- 
pound crystallized from ethanol:ether as fine needles (yield, 163 
mg). Material from the second peak was recrystallized from 
ethanol: benzene also as needle-shaped crystals. Table II summa- 
rizes the data identifying the first compound as pt-formyliso- 
glutamine and the second as t-hydantoin propionic acid. The 
melting point and optical rotation of the second compound were 
identical with those of synthetic t-hydantoin propionic acid. 
Elemental analysis? for the first compound is as follows: 


NO, 


Calculated: C 41.37, H 5.79, N 16.08 
Found: C 41.39, H 5.84, N 16.16 


Fig. 5 compares the infrared spectra of synthetic L- and pt-hy- 
dantoin propionic acid with the spectrum of the enzymatic prod- 
uct. The latter is identical with that of the L-isomer whereas 
the spectrum of the pt form is markedly different. Further 
evidence of the identity of the unknown with the t-hydantoin 
propionic acid isomer was obtained by recrystallization of the 
enzymatic product with the synthetic forms. When synthetic 
carrier L-hyvdantoin propionic acid is added to trace amounts of 
bi-hydantoin propionic acid-C™, the specific activity drops to 
3); after several reerystallizations from water. However, 
carrier pi-hydantoin propionic acid recrystallized with trace 
amounts of either the L or pt forms does not change in specific 


>The elementary analysis was performed by the Analytical 
Laboratory of the National Institute of Arthritis and Metabolic 
Diseases under the supervision of Dr. W. Alford. 
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Fic. 4. Anaerobic metabolites of imidazolone propionic acid- 
C'. The reaction mixture contained 0.17 mmole of sodium phos- 
phate, 1.0 ml of purified guinea pig urocanase, 0.1 ml of imidazo- 
lone propionic acid-C" in 0.1 N HCl (6,500 c.p.m., approximately 
0.5 umole) in a final volume of 3 ml, pH 7.4. It was incubated at 
37° for 2 hours in a Thunberg tube and evacuated before addition 
of the substrate. The tube was opened and fractionated directly 
on Dowex l-acetate as deseribed in the legend for Fig. 2. 


Taste Il 
Characteristics of urocanic acid metabolites 

Compound | Melting point | [al®” 
| | 0 
pL-Formylisoglutamine® 409-110° 0 
L-Formylisoglutamine* 138° | —11.8° 
2nd Peak 176-180° | —42° 
L-Hydantoin propionic acid4 | 178-180° | —47° 
pL-hydantoin propionic acid 0 


First peak, 2.09% in 1 N HCI, second peak, 1.03°7, in water. 

»’ Values taken from Revel and Magasanik (14). 

© Values taken from Borek and Waelsch (3). 

¢ These values agree well with those of Dakin (8). Paper 
chromatography reconfirmed the identification in 3 solvent sys- 


tems. The spots were obtained with 0.1 N AgNO;:0.1 Nn NH,OH 
(1:1) (15). Hydantoin propionic acid gives an immediate whiite 


spot which becomes whitish pink on standing. Formylisogluta- 
mine develops as a white-yellow spot after several hours. 


activity. By means of this technique the hydantoin propionic 
acid-C™ from all biological sources studied to date could be shown 
to be solely the L-isomer. 

Formation in Vivo of t-Hydantoin Propionic Acid—The mon- 
key, human, and rat excrete t-hydantoin propionic acid-C™ in 
the urine after the administration of radioactive t-histidine. 
From 4 to 8% of the injected radioactivity is excreted in the 
urine during the first 12 hours after injection; 3% of the urinary 
radioactivity excreted by a female monkey after intravenous 
histidine was identified as hydantoin propionic acid (16). 
Human beings fed or injected intravenously with trace amounts 
(10 mg) or large doses of L-histidine (500 mg intravenously, 10 
gm orally) excreted approximately the same percentage of their 
urinary C™ as t-hydantoin propionic acid. Rats on normal 
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Fic. 5. Infrared spectra of synthetic and enzymatic L-hy- 
dantoin-5-propionic acid and synthetic pi-hydantoin propionic 
acid. Samples were prepared as a mull in Nujol between two 
NaCl crystals and the spectra recorded by a Perkin-Elmer model 
21 double beam recording infrared spectrophotometer. The upper 
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Fig. 6. Sequence of reactions involved in urocanic acid metabo- 
lism. 


figure is synthetic pLi-hydantoin propionic acid and the middle 
and lower spectra respectively are the enzymatically formed com- 
pound and synthetic L-hydantoin propionic acid with a Nujol 
blank. 


diets given L-histidine-C™ intraperitoneally, excreted less than 
1°) of the urinary radioactivity as hydantoin propionic acid. 

Metabolism of Hydantoin Propionic Acid—To determine 
whether hydantoin propionic acid represented an end product 
of urocanic acid metabolism or was degraded still further, p1- 
hydantoin propionic acid-C™ was injected intraperitoneally into 
both an adult male guinea pig and a rat (1.5 mg each). Urine 
was collected under toluene for 12 hours and fractionated on 
Dowex l-acetate (6). All of the administered radioactivity was 
exereted within this period as unchanged pi-hydantoin propionic 
acid. 


DISCUSSION 


A great deal of work has been done on the oxidative metabolism 
of urocanic acid (17, 18). Ichihara et al. (17), have identified 
several oxidative metabolites of Pseudomonas aeruginosa prep- 
arations. In spite of the fact that these workers invariably 
demonstrated complete urocanic acid disappearance before any 
O. was consumed, they postulated a sequence of oxidations 
directly from urocanic acid. Since the delay in oxygen con- 
sumption indicates the formation of a nonoxidative intermediate 
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before the oxidative steps, it is possible that these metabolites, 
like hydantoin propionic acid, are formed from the imidazolone 
intermediate of the hydrolytic pathway. Cat liver, which cata- 
lvzes O, uptake markedly in the presence of urocanic acid (Table 
1) also shows a significant lag phase before oxidation. In none 
of the studies cited is there any evidence that urocanic acid is 
metabolized by any enzyme other than urocanase. On the con- 
trary, the available evidence is compatible with the hypothesis 
that the postulated intermediate, 4(5)-imidazolone-5(4)-propionic 
acid, is the central compound for a wide variety of pathways, 
both oxidative and hydrolytic. 

The demonstration that hydantoin propionic acid is formed 
directly from the intermediate is further evidence in favor of the 
4-imidazolone-5-propionic acid structure. Fig. 6 summarizes the 
reactions described in this paper. Urocanic acid is metabolized 
to imidazolone propionic acid reversibly. The ring is split en- 
zymatically to L-formiminoglutamic acid (3). The intermediate 
can racemize at the 5-position (14) and in the presence of molec- 
ular O. cleaves nonenzymatically between nitrogen 1 and carbon 
2 of the ring forming p1i-formylisoglutamine. The role of O» in 
the formation of formylisoglutamine from imidazolone propionic 
acid is obscure, since the reaction can be explained theoretically 
as a simple hydrolysis. An enzyme is also present in some species 
which ean oxidize the L-imidazolone propionic acid isomer to 
t-hydantoin propionic acid in the presence of molecular O:. All 
three compounds appear to be formed directly from the inter- 
mediate. 

Hydantoin propionic acid is the first hydantoin, other than 
allantoin, to have been demonstrated in vertebrate systems. 
Hydantoin acetic acid (19) and hydantoin acrylic acid (17) have 
been reported as metabolic products of bacterial systems. 


SUMMARY 


The formation of L-hydantoin-5-propionic acid from histidine 
via urocanic acid has been described. 

Urocanase converts urocanic acid anaerobicaliy to a product 
presumably 4(5)-imidazolone-5(4)-propionic acid. The livers of 
certain species contain an oxidase capable of converting imidaz- 
olone propionic acid to hydantoin propionic acid. There is no 
evidence that any cofactor is required for this reaction. The 
intermediate (imidazolone propionic acid) also serves as a sub- 
strate for the enzymatic formation of formiminoglutamic acid 
and the nonenzymatic formation of formylisoglutamine. The 
dependence of the latter reaction on molecular oxygen has been 
demonstrated. 
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Oxygen uptake studies indicate that hydantoin propionic acid 
and formylisoglutamine are formed directly from the intermedi- 
ate. The two enzymatic products (hydantoin propionic acid 
and formiminoglutamic acid) are the optically active t-isomers, 
whereas the nonenzymatic product (formylisoglutamine) is the 
racemic mixture. 

The reversibility of the reaction catalyzed by urocanase has 
been demonstrated by experiments with radioactive imidazolone 
propionic acid. 

Rats, human beings, and monkeys excrete radioactive hy- 
dantoin propionic acid after administration of 1L-histidine-C™, 
Hydantoin propionic acid is not metabolized in vivo. 


Acknowledgments—The authors are grateful to Omega L. Silva 
and Pearl MeDonald for assistance in some of the experiments 
described here. 
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The metabolism of histidine by means of the urocanic acid 
pathway has been studied by numerous investigators. Although 
there is general agreement (1) that the immediate product of 
urocanase action is 4(5)-imidazolone-5(4)-propionic acid, formed 
by the addition of water to urocanic acid, only recently has there 
been definite experimental evidence of its existence and the fact 
that a separate enzyme is required to convert it to formimino- 
glutamic acid (2,3). With a purified urocanase preparation con- 
taining very little of the formiminoglutamic acid forming enzyme, 
a transient accumulation of the intermediate was demonstrated 
spectrophotometrically. In the course of a study in this labora- 
tory to determine the synthetic pathway of L-hydantoin-5-pro- 
pionic acid, an oxidative metabolite of urocanic acid (4, 5), a 
partially purified urocanase preparation from guinea pig liver has 
been used to prepare the intermediate (imidazolone propionic 
acid). Stabilization of this compound by acidification and pro- 
tection from O: has made possible its purification and a study of 
its characteristics. E-vidence for its identification as 4(5)-imid- 
azolone-5(4)-propionic acid will also be presented. 


EXPERIMENTAL 


Methods and Results 


The preparation of guinea pig urocanase largely free of 
formiminoglutamic acid forming ability has been described (4). 
Urocanic acid -2H,O was purchased from California Biochemical 
Research Foundation. 

Intermediate (imidazolone propionic acid) accumulation was 
measured spectrophotometrically by the method of Revel and 
Magasanik (3). At neutral pH, the urocanic acid and imidaz- 
olone propionic acid absorption maxima are 277 and 260 my 
respectively. Since the urocanic acid extinction coefficient is 
approximately 10 times greater than that of the intermediate, a 
demonstrable peak at 260 does not occur until most of the uro- 
canic acid has been metabolized. 

Enzymatic Synthesis and Isolation of Imidazolone Propionic 
Acid—There were two problems involved in the isolation of this 
compound; first, its susceptibility to two enzymes associated with 
urocanase in the liver preparation, and secondly, the inherent 
chemical instability of the intermediate itself. It is well known 
that 4-imidazolones, unsubstituted in the 2-position, are very 
unstable (6). Enzymatic destruction was prevented by use of 


* Present address: Service de Biochimie Cellulaire Institut 
Pasteur, Paris, France. 


the partially purified enzyme preparation (4) which contained 
very little formiminoglutamic acid forming enzyme and by the 
elimination of Os, which prevented oxidation of the intermediate 
to hydantoin propionic acid. 

The second problem, that of its spontaneous decomposition, 
was attacked by studying its stability at different pH values. 
Anaerobic and aerobic incubations of urocanic acid and purified 
urocanase were carried out simultaneously. The aerobic mixture 
was used to follow the disappearance of urocanic acid spectro- 
photometrically. When the optical density at 260 my exceeded 
that at 277, the anaerobic flask was opened and aliquots pipetted 
into 0.1 HCl, 0.1 NaOH and 0.1 sodium phosphate, pH 7.4. 
The decay rates were measured with a Cary recording spectro- 
photometer. The intermediate was extremely labile in alkali, 
less so at neutral pH, and stable in acid. As will be demonstrated 
later, the nonenzymatic breakdown of imidazolone propionic acid 
to formylisoglutamine also requires O, so that even at neutral 
pH, imidazolone propionic acid is stable if O, is excluded from 
the system. 

As soon as the conditions for stabilizing the intermediate had 
been determined, its synthesis was carried out on a larger scale. 
The reaction mixture contained 60 mg of urocanic acid-2H,0 
dissolved in 6 ml of hot H.O, 30 ml of purified urocanase (0.2 
mg of protein per ml) and 15 ml of 0.1 m sodium phosphate, pH 
7.4. The incubation mixture was placed in three Thunberg tubes 
with urocanic acid in the side chambers. They were evacuated 
for several minutes and placed in a 37° water bath, together with 
an aerobic control mixture of identical proportions. After sev- 
eral minutes, the anaerobic flasks were inverted, and the re- 
action was begun; urocanic acid was added to the aerobic tube 
at the same time. When the 277 to 260 ratio of the aerobic 
mixture was less than 1, the anaerobic flasks were chilled to 0°, 
opened, and 1 ml of 4 ~ HCl added to each. The protein was 
precipitated by the addition of trichloroacetic acid (final con- 
centration, 5°;). The remainder of the isolation was carried out 
at room temperature. The precipitate was removed by filtration 
and the excess trichloroacetic acid extracted with ether. After 
evaporation of the filtrate in a vacuum, the residue was extracted 
with a small volume of 0.1 ~ HCl] and the extract fractionated 
on a 23 & 1 em Dowex 50-H* (200 to 400 mesh) column with 2 
w HCl, 50 drops per tube. Fig. 1 demonstrates the separation 
of two compounds. The first compound had an absorption 
maximum at 234 my; the second, 269 my. The latter was iden- 
tified as unchanged urocanic acid by paper chromatography. The 
first compound had the same ultraviolet absorption as the inter- 
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Fia. 1. Isolation of imidazolone propionic acid by Dowex 50-H* 
chromatography. Alternate fractions were read directly in a 
Beckman model DU spectrophotometer at 230 and 260 my after 
appropriate dilution in 2N HCl. The early peak is imidazolone 
propionic acid; the second peak, urocanic acid. See text for de- 
tails of the fractionation procedure. 


mediate formed aerobically. Tubes that contained imidazolone 
propionic acid were pooled, the solution evaporated to dryness 
and the residue quickly dissolved in 0.1 N HCl. This solution 
was stored at —10°. The solution is light brown, and even in 
acid is extremely sensitive to sunlight; it changes to a dark red 
color. When stored at room temperature in acid away from 
sunlight, it gradually breaks down after several days. It is 
stable in acid when frozen or kept at 0° for long periods of time. 

When assayed by the method of Silverman et al. (7)' the prep- 
aration was found to contain 15.5 wmoles of potential formimino- 
glutamic acid per ml. Precursors are converted enzymatically 
to formiminoglutamie acid, which is then measured by a bioassay 
based on the transfer of the formimino group to tetrahydrofolic 
acid and subsequent formation of citrovorum factor. From this 
assay Value, molar extinction coefficients at neutral and acid pH 
were calculated to be approximately 2000 and 3000, respectively. 
The vield of imidazolone propionic acid in three separate isola- 
tions ranged from 10 to 30°). 

Attempts to crystallize imidazolone propionic acid as the pi- 
erate or flavianate from water or as the hydrochloride from 
acetone-water and dioxane-water were unsuccessful. 

Ultraviolet Absorption Spectra of Imidazolone Propionic Acid— 
Fig. 2 demonstrates the absorption maxima of the purified inter- 
mediate in 2 ~ HCl, 2 N NaOH, and 0.5 m sodium phosphate, 
pH 7.2. The maxima are 234, 255, and 260 my respectively. 

The pK for dissociation of H* from the imino nitrogen of the 
imidazolone ring was determined by observing the effect of pH 
change on the absorption maximum. In Fig. 3 the pH is plotted 
against the ratio of optical densities at 260 and 234 my. The 
center of inflection of the curve is pH 4.4, which can be con- 


' The authors are grateful to Dr. M. Silverman for performing 
this assay. 


1 minute with a Cary recording spectrophotometer after dilution 
with the appropriate solution. 
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Fic. 3. Determination of a pK value for imidazolone propionic 
acid. Aliquots of imidazolone propionic acid in 0.1 N HCl were 
pipetted directly into 3 ml of 0.5 m phosphate buffer of varying 
pH values. The values at 234 and 260 my were read within 1 
minute in a Beckman model DU spectrophotometer and the final 
pH was measured after the readings were completed. 
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Fic. 4. Aerobic nonenzymatic decay of purified imidazolone 
propionic acid. Aliquots were pipetted into 3 ml of solution and 
the decay at 25° was measured by repeated readings at the ap- 
propriate extinction maxima. 
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Fic. 5. Anaerobic stabilization of imidazolone propionic acid. 
Purified imidazolone propionic acid was pipetted into 5 ml of 0.1 
mM sodium phosphate, pH 7.2, and the decay rate at 25° followed 
spectrophotometrically at 260 my. An identical reaction was 
carried out simultaneously in an evacuated Thunberg tube. The 
imidazolone propionic acid was added from the side chamber at 
the same time it was pipetted into the aerobic tube. 


Properties of 4(5)-Imidazolone-5(4)-propionic Acid 
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sidered to be the approximate pK for the following reaction: 


H* CH 
N NH 
4 
o” 


NH 


+ H- 
H 
O 

Nonenzymatic Decay of Imidazolone Propionic Acid—The 
marked effect of pH on the aerobic stability of the intermediate 
has been mentioned previously. Solutions of purified imidaz- 
olone propionic acid were used to determine its half-life in alkali, 
acid, and neutral buffer (Fig. 4). In 1 N NaOH the half-life is 2.6 
minutes; in phosphate buffer, pH 7.2, it is 24 minutes. No 
change was detected in acid solution after 1 hour at room tem- 
perature and subsequent storage for 11 days at 4°. The inter- 
mediate is stable in neutral phosphate if no O- is present (Fig. 5). 
The uptake of O. nonenzymatically and the identification of 
formylisoglutamine as the major product has already been de- 
scribed (4). 


DISCUSSION 


The structure of the intermediate has not been finally estab- 
lished by the classical methods of crystallization and comparison 
with the synthetic compound. However, the evidence presented 
in this paper gives strong support to the previously postulated 
structure, 4(5)-imidazolone-5(4)-propionic acid. This evidence 
is summarized in the following discussion. 

The intermediate resembles other recently synthesized 4-imid- 
azolones. The synthesis of 4(5H)-imidazolone (8) and 4(5)- 
imidazolone-5(4)acetic acid? has recently been achieved by Wit- 
kop and his collaborators. Both of these compounds are similar 
to imidazolone propionic acid in several ways. Both synthetic 
imidazolones and imidazolone propionic acid are enzymatically 
cleaved between C-4 and N-1 of the ring forming the respective 
formimino derivatives. Imidazolone acetic acid is hydrolyzed 
nonenzymatically between N-1 and C-2.2. This same bond has 
been shown to cleave when 2-benzylimidazolone is boiled in H,O 
(9). It is not known whether these nonenzymatic reactions are 
O, dependent as is the conversion of imidazolone propionic acid to 
formylisoglutamine. The ultraviolet absorption maxima of imid- 
azolone propionic acid, imidazolone acetic acid, and unsub- 
stituted imidazolone are almost identical at neutral and alka- 
line pH. They also have the same relative stabilities at these 
pH values. 

Rothberg and Hayaishi (10) have shown that the enzymatic 
conversion of imidazoleacetic acid to formiminoaspartic acid 
requires Os, presumably in the initial step forming the imidaz- 
olone acetic acid. This is in contrast to the anaerobic formation 
of imidazolone propionic acid. The latter reaction can be ex- 
plained by a 1,4 addition of H,O to urocanic acid with subsequent 
rearrangement. 

The presence of a positive charge on the intermediate as evi- 
denced by its behavior on Dowex 50 rules out all hydantoin, 


? H. Kny and B. Witkop, personal communication. 
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imidazolidone, and 2(3H)-imidazolone structures. It has been 
suggested (11) that imidazolone acrylic acid may be an inter- 
mediate of the hydrolytic pathway and the identification of 
hydantoin acrylic acid (12) as an oxidative metabolite of urocanic 
acid in Pseudomonas aeruginosa is evidence in favor of this pos- 
sibility. The data reported in this paper and the accompanying 
paper (4) do not support this hypothesis. First, there is no 
evidence of more than one intermediate between urocanic acid 
and the three products formylisoglutamine, formiminoglutamic 
acid, and hydantoin propionic acid. It seems unlikely that these 
three compounds could be formed directly from imidazolone 
acrylic acid without an extra step for the reduction of the un- 
saturated side chain. 


SUMMARY 


The initial metabolite of the urocanic acid hydrolytic pathway 
formed by the action of purified guinea pig liver urocanase on 
urocanic acid has been studied. 

Aerobically, it is stable in acid but decomposes in neutral or 
alkaline solutions. Its stability in acid has made possible its 
partial purification on a Dowex 50-H* column. In the absence 
of oxygen, it is stable at neutral pH. 

Its ultraviolet absorption spectra in alkaline, neutral, and acid 
solutions have been described. The pK of H* dissociation from 
the imino nitrogen of the ring was found to be approximately 4.4. 

The properties of this metabolite are similar to recently syn- 
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thesized 4(5H)-imidazolone compounds and support the previ- 
ously proposed structure of 4(5)-imidazolone-5(4)-propionie acid. 
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The conjugation of iodobenzene in vivo to produce a mercap- 
turic acid has been studied as a model for the interaction of 
aromatic hydrocarbons and tissue sulfur compounds. Previous 
evidence has pointed to an initial conjugation of the iodophenyl 
group with tissue-bound cysteine (1). The resulting iodopheny!]- 
protein is degraded to iodophenyleysteine which is acetylated 
and excreted as a mercapturic acid (2). 

The results of this investigation show that livers and intestines 
of rats given iodobenzene-I"™ contain protein which has been 
conjugated with the iodopheny! group. In addition these tissues 
contain diffusible peptides which include the iodophenyleysteine 
moiety. The peptides evidently arise from the protein through 
progressive hydrolysis ending in release of iodophenylcysteine. 
The pattern of conjugated peptides found in liver of the intact 
animals has been duplicated in fortified liver homogenates which 
have been incubated with iodobenzene. 


METHODS 


Iodobenzene-I" was synthesized and administered as described 
by Mills and Wood (3) with the exception that cottonseed oil 
was used as a medium for the iodobenzene instead of tricaprylin. 
This substitution resulted in a 3-fold increase in the percentage 
of radioactivity recovered in the liver and intestinal homogenates 
(Table I). Homogenates of liver or intestine were prepared 2 
hours after oral administration of 100 mg of iodobenzene-I™ in 
0.5 ml of cottonseed oil to each of three large rats. Since the 
iodine largely decayed during the isolation procedures, the tissue 
sulfur was labeled with S** by feeding the rats veast-S** 24 hours 
before administration of the iodobenzene-I™. 

Separation of Proteins Containing I*'—-When the proteins were 
to be isolated, the liver and intestines were homogenized sepa- 
rately in a cold glass homogenizer with 4 ml of solution per gram 
of tissue. The suspension was centrifuged in the Servall centri- 
fuge at 16,000 x g and the residue was rehomogenized with fresh 
solution. Two extractions with 0.067 m phosphate buffer were 
made and two with 1 m KCl. The supernatant solutions were 
dialyzed and fractionally precipitated with acetone as described 
in Table IJ. All fractions were lyophilized and stored in the 
refrigerator. Aliquot portions of the dry proteins were extracted 
with 2:1 chloroform-methanol mixture at 60° for 30 minutes. 
Residual radioactivities due to I and S*® were determined by 
differential counting techniques. 

Paper electrophoresis of the soluble tissue proteins was carried 
out before dialysis or fractionation with acetone. The buffer 


* This work was supported in part by Grant No. C-1228 from 
the National Institutes of Health, United States Public Health 
Service. A preliminary report was presented at the meeting of 
the American Society of Biological Chemists, Philadelphia, April 
18, 1958. 


was 0.05 m Veronal, pH 8.5, and the electrophoresis was main- 
tained for 21 hours at 200 to 250 volts. The strip was scanned 
for I™ and S** with a thin window Geiger tube and also counted 
in a scintillation counter. Protein bands were visualized by 
staining with Amido-black. 

Isolation of Peptides—Because of the small quantities of ma- 
terial obtainable from the combined liver and intestinal tissue of 
three rats, radioactivity of the iodine was the sole means of 
detecting the metabolism products in the initial stages of the 
experiments. The suspension was centrifuged and the residue 
was rehomogenized with fresh solution. Two extractions with 
0.067 m phosphate buffer were made followed by two with 1 m 
KCl. The supernatant solutions were dialyzed and fractionally 
precipitated with acetone as described in Table II. Ninhydrin 
determinations were avoided in fractionations by column chro- 
matography since the procedures required significant proportions 
of available material. Sulfur radioactivity could be measured 
on the fractions after some purification had been achieved. 

In the earlier experiments, the procedure outlined by Mills and 
Wood (3) was followed for the isolation of the peptides. This 
consisted of deproteinization of the homogenates with ethanol, 
and chromatography on a Dowex 50-X4 column with 0.4 HCl 
in 32°) ethanol as the developing solvent. For further puri- 
fication the radioactive fractions were placed on a_ cellulose 
powder column which was developed with a 77°; ethanol or an 
isopropanol-ethanol-formic acid-water mixture (18:9:1:10.5). 
The principal radioactive fraction was rerun through a similar 
column three times and a single fraction containing Peptide I 
was obtained. The peptide was shown to migrate as an entity 
in two solvent systems. 

In later experiments, Dowex 50-X4 was used in the sodium 
form and was developed with the citrate buffer system of Moore 
and Stein (4). The radioactive fractions developed on the cellu- 
lose column according to the procedure outlined above yielded a 
peptide designated number II (Table ITT). 

In order to minimize proteolysis which appeared to be redue- 
ing the size of the peptide isolated, the dialysis procedure of 
Waley (5) was adopted. Liver and small intestine were homog- 
enized in a Waring Blendor with 3 ml of cold 18°; formic acid 
per gram of tissue. The homogenate was then dialyzed against 
chloroform-saturated water. The diffusate was collected at the 
end of each of three successive 24-hour periods and evaluated for 
total radioactivity. The pooled diffusates were concentrated 
and chromatographed with citrate buffers on a Dowex 50-X4 
column, 2.2 Kk 29 em. Radioactivities of the fractions were 
evaluated in a well scintillation counter (Fig. 1). The fractions 
were collected according to the peaks of radioactivity and were 
concentrated and chromatographed on the starch and water 
column described by Lathe and Ruthven (6), which separated 
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TaBte I 


Radioactivity in combined homogenates of liver and intestine after 
todobenzene administration 

In each experiment 100 mg (500 uwmoles) of iodobenzene were 
given to each of three rats by stomach tube. In Experiments 1 
through 4 tricaprylin was the diluent of the iodobenzene; in Ex- 
periments 6 and 7 cottonseed oil was used. Soluble peptides were 
separated from protein in Experiments | and 2 by ethanol precipi- 
tation; in the remaining series, peptides were separated by dialy- 
sis. See ‘‘Methods”’ for details. 


f Recovery of radioactivity administered 
Radioactivity of 


Experiment | 

No | administered | Homog- | Diffusible Peptide —_—_Todine in 

| enates fraction — fraction | peptide 

cpm. | % | % mole 
2.8 | 1.0 | 0.0041 | 0.06 
2 46 0.12 0.00111 0.02 
3 | 1.0 | 1.4 0.21 0.004 IIT | 0.06 
4 23.0 0.09 0.001 III 0.02 
5 10.0 | 4.8 0.5 0.012 Ill | 0.18 
6 8.0 5.0 0.7 0.03 III 0.45 
ae ee 3.9 | 0.63 | 0.020111 | 0.30 

TABLE II 


Radioactive protein fractions from rat liver and intestine 
after administration of iodobenzene 


| Total non-| radioactivity 
Pro- | dialyzable 
Dry weight pel. After 
nal | fraction | isolated | &#¥ae- 
c.p.m./ c.p.m./ c.p.m./ 
| me 107% me me 
1 Liver 1.88 1.8 12 7 
Intestine 0.839 1.0 9 5 
~=sLiver 0.161 3.8 0.4 100 68 
_ Intestine 1.16 1.2 0.5 16 7 
3. Liver 0.295 1.9 7.5 39 37 
Intestine 0.045 | 6.0 4.5 20 20 
4 Liver 2.07 8.6 2.6 49 40 
Intestine 0.032 7.8 0.02 28 20 
5 ~—s Liver | 0.145 2.7 4.7 52 43 
6 Liver 0.117 3.9 0.22 83 70 
Intestine «0.051 7.6 (0.06 42 42 
Liver | 0.383 3.6 1.5 155 


* Homogenized tissue was extracted successively with 0.067 mM 
phosphate buffer, pH 7.4, and molar KCl. Fraction 1 was insolu- 
ble residue. Fraction 2 was the protein precipitated by dialysis 
of the phosphate extract and Fraction 3 by dialysis of the KCl 
extract. Fractions 4, 6, and 7 were precipitated from the phos- 
phate extract by 40, 49, and 55% acetone, respectively. Frac- 
tion 5 was precipitated from the KCl extract by 40° acetone. 

t The lyophilized proteins were extracted by 2:1 chloroform- 
methanol at 60° to remove physically bound iodobenzene. 


compounds according to their molecular size. An initial separa- 
tion provided three radioactive peaks. Only the one in largest 
amount was obtained pure. Repeated chromatography through 
similar columns gave a symmetrical peak of Peptide IIT (Fig. 2). 
This was shown to migrate as a single entity when chromato- 
graphed on paper with four solvent systems. Paper chromatog- 
raphy of other fractions showed each to contain many compounds 
which gave positive reactions with ninhydrin. 
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Taste III 
Amino acid contents of iodophenylpeptides 
Amino acid | Peptide I | Peptide II | Peptide III 
 pmole | pmole | pmole 
lodopheny! cysteine. . | l 
Glutamic acid... .... 0.21 3/)0.83 | 0.29 | 13.5 
Aspartic acid............. 0.21 | 3/ 0.19 | 1 0.06 3.5 
a-Aminobutyrie acid... | 0.19 | 1 0.090 5.3 
| 0.075 4.4 
os | 0.017 1 
0.019 0.1) 0.017) 1 


- Destroy ed by hy drolysis but assumed to be present by pres- 
ence of radioactivity due to I'*' and S**. In another experiment 
hydrolysis of all available Peptide III resulted in isolation of 
p-iodophenyleysteine by paper chromatography. 

+t Also detected by analysis for the iodophenylthiol group after 
alkaline hydrolysis. 


Counts Per Mnute x 


32 48 64 80 96 12 128 144 60 176 192 208 224 


Fraction No. 


Fic. 1. The radioactive I" elution pattern from Dowex 50-X4 
Na* form column. The column was loaded with the pooled 24 
hour concentrated diffusates from liver and intestinal 18% formic 
acid homogenates. Fraction size was approximately 17 ml. 
Gradient elution with 2.0 nN pH 5.1 citrate-acetate buffer was 
begun at Fraction No. 155. 


Quantitative amino acid determinations were done on paper 
chromatograms of peptide hydrolysates by the method of Kay 
et al. (7). The peptides were hydrolyzed in sealed tubes with 
0.1 ml of constant boiling HC] at 105° for 16 hours. Destruc- 
tion of iodophenyleysteine during hydrolysis usually resulted in 
failure to find the amino acid on paper chromatograms excepting 
when relatively large amounts of peptide were used. Iodine- 
sulfur, (I['!-S*5) radioactivity ratios gave assurances of the pres- 
ence of iodopheny ley steine moieities. 

N-Terminal amino acids were determined / hydrolysis of the 
dinitropheny! peptide derivatives which were prepared by the 
method of Lockhart and Abraham (8) as modified by Waley (5). 
Descending paper chromatography on Whatman No. 1 paper 
with the solvent system of Biserte and Osteux (9) was used to 
purify the dinitropheny] peptide before hydrolysis. 

The iodophenylthiol group was determined by modification of 
the method of Ellman (10). Iodophenylthiol was cleaved from 
conjugated peptides by heating at 100° for 20 minutes ina sealed 
tube containing cysteine and 0.5 N NaOH. The thiophenol was 
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Mercapturic Acids from Tissue Proteins 


Counts Per Minute 


2 4 6 8 © 2 4 6 #8 20 22 24 26 


Fraction No 
Fic. 2. Radioactive peak from a starch and water column 
showing purity of Peptide III. 


extracted from the acidified hydrolysate with peroxide-free ether. 
The ether extract was transferred to tubes containing the reagent 
system of Ellman. When the bis(p-nitropheny])-disulfide re- 
agent was added, the yellow p-nitrobenzenethiol produced was 
transferred into the aqueous phase by gentle shaking and com- 
pared against a standard with the Klett colorimeter. 


RESULTS AND DISCUSSION 


The several protein conjugate fractions shown in Table II 
provide basis for support of previous data from this laboratory 
which indicated metabolic fixation of iodobenzene to protein of 
liver and intestine. The present data provide higher levels of 
radioactivity in the conjugates which give better counting sta- 
tistics. Fraction 1 (Table II) contained insoluble lipoprotein 
(11) which possibly could have held considerable amounts of 
iodobenzene. Fraction 1 had a low specific radioactivity which 
was somewhat reduced by extraction with hot methanol-chloro- 
form after lyophilization. The extracted material was not identi- 
fied but does not necessarily represent absorbed iodobenzene in 
its entirety. The instability of the conjugates were evident in 
all the work with the peptides. The proteins of Fractions 3 to 
7 were precipitated with acetone in which iodobenzene and its 
phenolic derivatives are freely soluble. Extraction of the dried 
protein with chloroform-methanol also removed some of the 
radioactivity. The amount of iodopheny! residue fixed to pro- 
tein was very small. No iodophenyleysteine has been isolated 
from these fractions after hydrolysis due to the instability of the 
iodophenyleysteine to hot acid. It is also of interest that in 
paper electrophoresis of soluble liver protein mixtures, the major 
portion of the I" radioactivity migrated with two fast moving 
components. 

The conjugation of iodobenzene through the cysteine sulfur of 
proteins is best revealed by the isolation of a series of peptides 
of varying sizes but all containing iodophenylcysteiny] residues. 
Although the principal peptides obtained from three isolation 
procedures were different, considerations given below indicate 
breakdown products of the larger ones found in the Group 2 
fractions of Fig. 1. The elution pattern shown in Fig. 1 was 
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quite reproducible in successive experiments and the same pat- 
tern was obtained from preliminary studies in vitro in which 
iodobenzene-I™ was incubated with fortified liver homogenate 
(12). This is good evidence for the existence of a consistent 
pattern in the metabolism of mercapturic acid precursors. 

Only Group 2 fractions were demonstrated to contain peptides, 
Some labeled p-iodophenylmercapturic acid was isolated from 
the pooled fractions, Group 1, Fig. 1, by use of the carrier tech- 
nique. However, only a small portion of the radioactivity in 
this group could be accounted for as mercapturic acid; the re- 
mainder of the radioactivity was due presumably to uncharged 
and anionic compounds such as phenolic derivatives known to 
be formed when iodobenzene is administered to an animal. 
Group 3 fractions contained a compound which yielded a single 
ninhydrin spot on paper chromatography even after several 
purifications on Dowex and starch columns. It was not altered 
by acid hydrolysis asevidenced by retention of a single ninhydrin 
positive spot at R, 0.70 (isopropanol-ethanol-formic acid-water). 
Paper chromatograms sprayed according to the method of Knight 
and Young (13) for the detection of divalent sulfur were nega- 
tive even though the same concentration of material gave a 
vivid ninhydrin test. The ultraviolet absorption spectrum of 
the compound was uninformative with only end absorption. The 
amounts of compound present in Groups 4, 5, and 6 fractions 
were too small to permit investigation. Labeled p-iodophenyl- 
cysteine was isolated from Group 8 by carrier dilution. From 
observations on the absorption spectra it is suggested that 
Group 7 represents iodophenyleysteine sulfoxide. 

The material in fractions of Group 2 was resolved into Pep- 
tide II] by chromatography on starch. A second passage 
yielded a symmetrical peak (Fig. 2). This material contained 
significant radioactivity due both to S** and I but yielded too 
low a ninhydrin color value to be detected on paper chromato- 
grams. When material had been pooled from several experi- 
ments, a positive ninhydrin reaction on paper chromatography 
was obtained. The R, of the peptide was found to be 0.18 with 
isopropanol-ethanol-formic acid-water solvent on phosphate buf- 
fered paper, pH 7.1. 

The three peptides isolated in the procedures as described 
above were adjudged pure after successive fractionations on ion 
exchange resins, starch columns and paper chromatography. 
The limitations of these procedures were multiplied by the insta- 
bility of the compounds. Spontaneous hydrolysis in solution 
was a continuing problem. When stored in the refrigerator in 
aqueous solution for several months, smaller peptide fragments 
appeared as contaminants. Although isolated under different 
conditions and by more drastic procedures, it is significant that 
the two smaller peptides, I and II, contained no amino acids not 
found in the larger peptide, III] (Table III). The relative 
amounts of individual amino acids in the peptides were in fair 
agreement considering the amounts of material available for 
analysis. All three peptides had glutamic acid as the N-termi- 
nal amino acid. Estimations of the molecular weight of Peptide 
III were based on iodophenylthiol, nitrogen, and quantitative 
amino acid determinations. All values are in the range of 3500 
to 4000. Although this may be a minimal molecular weight, it 
is unlikely that the maximal value is more than a multiple of 
three since the peptide was dialyzed through a cellulose mem- 
brane. 

The nature of the original reaction by which an aromatic ring 
forms an initial conjugation product with the cysteine moiety of 
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a protein has not been elucidated. If it is assumed that the 
initial reaction is an activation of the hydrocarbon, there is no 
reason to suppose that this intermediate should fail to react with 
any free sulfhydryl group available. In this event other sulf- 
hvdryl compounds such as glutathione might also conjugate with 
iodobenzene as postulated by Barnes and James (14), and Bray 
and Franklin (15). 

Fig. 1 shows that the p-iodophenyleysteine content of liver 
and intestine is somewhat greater than that of all the peptides. 
Previous work, however, (1), has demonstrated that free cys- 
teine is not an important source of the mercapturic acid sulfur. 

Extension of the data of Knight and Young (13, 16) and Boy- 
land and Sims (17, 18) would suggest a conjugation of the protein 
with the hydrocarbon through an addition reaction. These ex- 
periments yield no information on the stage at which the aromatic 
ring moiety converts to the dihydro-2-hydroxy-1-thiol form of 
the premercapturice acid which has been found in the urines (13, 
16, 17, 18) since the isolation procedures used here would be 
expected to dehydrate the compounds to iodophenylthiol deriva- 
tives. 

Although the initial conjugation reaction is still unformulated, 
the considerations presented indicate that mercapturic acid for- 
mation results when an aromatic hydrocarbon-protein conjuga- 
tion product breaks down through a series of peptides to yield 
an aryleysteine, or its equivalent dihydrohydroxy derivative, 
which is finally exereted as the acetyl derivative. 


SUMMARY 


Liver and intestine of rats given iodobenzene-I™ yielded pro- 
tein conjugated with iodopheny! residues. Two major fractions 
were observed in electrophoresis but salt and acetone fractiona- 
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tion showed conjugation of the iodopheny] to proteins generally. 
Homogenates of the livers and intestines contained iodophenyl- 
cysteine and much smaller amounts of iodophenyleysteine pep- 
tides. Three peptides were isolated in pure state. The amino 
acid contents suggest the smaller peptides to be degradation 
products of the larger peptides which were in turn derived from 
the conjugated proteins by proteolysis. The peptides represent 
intermediates in the formation of mercapturic acids. 
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The immunochemical technique, first employed in the study of 
albumin synthesis in chicken liver slices by Peters and Anfinsen 
(3), has recently been successfully used with rat liver slices by 
Marsh and Drabkin (4) as well as by Campbell and Stone (5). 
The present work extends this technique to the problem of the 
biosynthesis of plasma lipoprotein by rat liver. 

The liver has been shown to be the site of plasma cholesterol 
and phospholipid synthesis (6,7). Miller et al. (8) observed that 
the plasma proteins (exclusive of gamma globulins), were labeled 
when radioactive amino acids were perfused through the isolated 
rat liver. Indirect evidence that the liver is capable of synthesiz- 
ing plasma lipoproteins has recently been obtained by Radding 
et al. (9) who observed the incorporation of radioactive amino 
acids into lipoproteins of serum that had been incubated with rat 
liver slices. The present experiments demonstrate by the im- 
munochemical method a net synthesis of low density lipoproteins 
in rat liver slices and in the isolated liver perfused with washed 
red blood cell suspensions. By this means, also, a direct estimate 
of the rate of synthesis of the cholesterol moiety of the plasma 
lipoproteins has been obtained for the first time in a mammalian 
system in vitro. 


METHODS 


Isolation of Rat Plasma Lipoproteins'—Very low density lipo- 
proteins were isolated from heparinized rat plasma as follows. 
Chylomicrons were removed from 60 ml of rat plasma by the 
method of Rodbell (10). The infranatant plasma was centri- 
fuged in portions of 10 ml in the Spinco No. 40 rotor at 36,000 
r.p.m. for 16 hours. The uppermost milliliter was removed from 
each tube and all these top fractions were combined. ‘The result- 
ing solution was recentrifuged for 16 hours at 36,000 r.p.m. The 
top 2 ml were diluted to 5.5 ml with 0.15 m NaCl and centrifuged 
for 16 hours at 36,000 r.p.m. in the Spinco No. 40.3 rotor. The 
top milliliter of the resultant solution (7.e. the solution of very 
low density lipoproteins) did not contain plasma albumin by im- 
munochemical test. The limits of error of the method were such 
that albumin contamination, if present, was less than 0.3%. 


* This work was supported by Grant A-1586 from the National 
Institute of Arthritis and Metabolic Diseases, United States Pub- 
lic Health Service. Preliminary reports of this work have been 
made (1, 2). 

+t Advanced Research Fellow of the American Heart Associa- 
tion. 

1 The following terms are used to designate the lipoprotein 
preparations employed: ‘‘very low density lipoproteins,’’ those of 
density <1.017 but excluding chylomicra; “‘low density lipopro- 
teins, ’’ those of density >1.017 and <1.063; “high density lipo- 
proteins,’’ those of density >1.063 and <1.21. In relation to the 
liver preparations analyzed, the term ‘“‘low density lipoprotein”’ 
refers to all lipoproteins in the preparation which react with anti- 
serum prepared against plasma very low density lipoproteins. 


The solution of very low density (< 1.017) lipoproteins was used 
to immunize a goat by the Freund adjuvant technique (11). 
The antigen-antibody precipitin curves of this system are shown 
in Fig. 1 (Curves A-1 and B-1). 

Two additional plasma lipoprotein fractions were isolated from 
rat plasma by the method of Havel et al. (12). After removal of 
chylomicrons and the very low density lipoproteins, the plasma 
was adjusted to density 1.063 and centrifuged for 16 hours at 
36,000 r.p.m. in the Spinco No. 40 rotor. The top milliliter frae- 
tions were combined and recentrifuged twice at density 1.063. 
The resulting low density (>1.017 and < 1.063) lipoproteins were 
also used in testing the antiserum (Fig. 1, Curves A-2 and B-2), 

The infranatant plasma solution from the first centrifugation 
at density 1.063 was adjusted to density 1.21 and again centri- 
fuged for 16 hours at 36,000 r.p.m. The top milliliter portions 
were combined and recentrifuged twice at density 1.21 to isolate 
the high density (>1.063 and <1. 21) lipoproteins. 

The results of the quantitative precipitin reactions shown in 
Fig. 1 suggest that the protein moieties present in the very low 
density (< 1.017) lipoprotein and in the low density (>1.017 < 
1.063) lipoprotein are closely related immunochemically. This 
is in agreement with the findings of Levine et al. (13). The quan- 
titative difference shown in Fig. 1 may be related to the different 
molecular weights, representing different percentages of protein 
in the molecule, of the two groups of lipoproteins. The precipi- 
tin curves for the very low density lipoprotein shown in Fig. 1 
were used as the standard curves for the estimation of the pro- 
tein (Curve A-1) and cholesterol (Curve B-1) moieties of the low 
density lipoprotein in subsequent experiments with liver prepara- 
tions. 

The goat antiserum against low density lipoproteins was also 
tested for cross-reactivity with plasma high density lipoproteins 
(density >1.063 and <1.21). No precipitin reaction was ob- 
served when increasing amounts of high density lipoprotein were 
added to a constant amount of antiserum. However, when in- 
creasing amounts of antiserum were added to a constant amount 
of whole rat plasma and the cholesterol in the immune precip- 
tate measured, the results shown in Fig. 2 were obtained. It is 
evident that the anti-low density lipoprotein antiserum does pos- 
sess some reactivity against high density lipoprotein in view of 
the biphasic nature of the precipitin curve in whole plasma. 

When studied by the Ouchterlony agar diffusion technique as 
described by Korngold (14), the goat antiserum tested against 
the density <1.017 liproporteins showed two precipitin lines, 
indicating possible heterogeneity of the lipoproteins in this frac- 
tion. It did not react with a lipoprotein-free plasma solution. 

Technique of Liver Perfusion with Washed Red Blood Cell Sus- 
pensions—The general method of rat liver perfusion described 
by Miller et al. (8) was used. The rats were not fasted before 
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Fic. 1. Quantitative precipitin reaction between rat plasma 
low density lipoproteins and goat antiserum. Curves A-I and A-2, 
total protein content of the immune precipitate formed with very 
low density (<1.017) and low density (>1.017 and <1.063) lipo- 
proteins, respectively. Curves B-1 and B-2 total cholesterol con- 
tent of the immune precipitate formed with very low density 
(<1.017) and low density (>1.017 and <1.063) lipoproteins, re- 
spectively. 

Aliquots of the lipoprotein solutions were incubated in 0.30 
osmolar salt concentration in final volumes of 3 to 6 ml with 0.1 
ml of goat antiserum for 1 hour at room temperature and placed 
in the refrigerator at 5° for 16 hours. The precipitates were col- 
lected by centrifugation at 3,000 r.p.m. for 20 minutes at room 
temperature, washed twice with 2 ml of 0.15 m NaCl, and extracted 
twice with 2 ml of 1:1 acetone-ethanol. The extract was evapo- 
rated before the cholesterol determinations (15); although un- 
saturated fatty acids interfere in this method (16), isolation of 
the cholesterol by paper chromatography indicated that 75 to 95% 
of the reacting material in the acetone-ethanol extracts was cho- 
lesterol. The remaining protein precipitates were dissolved in 
0.1 \ NaOH and analyzed for protein (17). The protein content 
of the lipoprotein solutions was also determined directly by this 
method. 


surgery. Nembutal (50 mg per kg) was used as the anesthetic 
agent. The liver was perfused in situ and bile was collected from 


a cannula in the bile duct. The oxygenation system for the blood 
consisted of a rotating round bottom flask with glass tubing sealed 
at the bottom to serve as an exit; 5% CO+95% Os was admitted 
to the flask during the perfusion. 

The donor rat blood was heparinized but the red cells were 
washed twice with 0.15 m NaCl (heparin-free) and once with 
Krebs-Ringer bicarbonate solution containing 0.1% glucose (in 
most experiments) before resuspension in this medium to give a 
cell suspension with a hematocrit of 18 to 24. In some experi- 
ments heparin was administered to the rat before ligature of the 
vena cava, but it was not found necessary to include heparin 
routinely. The usual perfusion rate was 10 ml per minute and 
the total volume of perfusing solution in the reservoir was 70 to 
100 ml. 

An initial sample of perfusing solution was taken for analysis 
after 3 or 4 minutes. Although some livers remained in good con- 
dition longer than 1 hour, as judged by gross appearance and 
continued bile production, a l-hour period was used. A correc- 
tion for changes in concentration due to evaporation during the 
perfusion was made by analyzing the initial and final red blood 
cell suspension for total hemoglobin content. The volume of 
supernatant fluid was estimated from the hematocrit. After re- 
moval of red cells by low speed centrifugation, all samples of 
supernatant fluid were centrifuged at 30,000 x g for 10 minutes 
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Fic. 2. Precipitin reaction of goat antiserum with whole rat 
plasma. Aliquots of 0.5 ml of pooled rat plasma were employed 
for each point. The method of analysis was that described in the 
legend to Fig. 1. The plasma aliquots contained 0.309 mg of 
cholesterol by the method of Sperry and Webb (18). 
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Fic. 3. Quantitative precipitin reaction between rat serum and 
goat antiserum before and after absorption with liver extract. 
O-—-O, untreated antiserum; A——-A, antiserum absorbed with 
liver extract. The latter was prepared as follows: 

Four grams of liver slices, previously washed in Krebs-Ringer 
bicarbonate buffer for 45 minutes at 37°, were homogenized in 30 
ml of0.15M NaCl. After centrifugation at 25,000 < g for 20 min- 
utes, aliquots of 3 ml of the supernatant solution were incubated 
for 16 hours with 0.3 ml of a 1:10 dilution of goat antiserum in 0.15 
M NaCl. After removal of the precipitate by centrifugation, the 
supernatant solution was tested for antibodies by reaction with 
rat serum. 


before analysis for 'poprotein, to remove any residual red cells 
or red cell ghosts. 

Specificity of Immunochemical Determination of Plasma Lipo- 
protein in Liver Extract or Perfusate—The question of whether 
the precipitate formed after the incubation of liver extracts or 
perfusates with anti-low density antiserum did, in fact, represent 
a precipitate of plasma lipoproteins, was decided in the follow- 
ing Ways: 

(a2) Removal of antibodies to plasma low density lipoproteins 
by absorption of the antiserum with purified solutions of these 
proteins resulted in complete abolition of the reaction with liver 
extracts. The reverse experiment, in which the antiserum was 
treated with liver tissue, showed a considerable decrease in titer 
when such treated antisera were mixed with rat serum (Fig. 3) 
and also with purified low density lipoproteins. 
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TABLE I 


Concentration of low density lipoprotein antigen by 
preparative ultracentrifugation 


| ug/ml 
Tew | 1.063 16.4 

Infranatant (diluted 1:10)... 1.063 | 1.0 

| 1.063 15.8 

Infranatant.......... | 1.063 3.2 
Perfusate: Top ml...... | 1.008 | 276 
1.008 | 24 


| 


* Volumes of 10 ml of the sodium chloride soluble fractions of 
homogenized liver slices, or of the liver perfusion medium, were 
centrifuged for 16 hours in the Spinco No. 40 rotor at 36,000 
r.p.m. The top milliliter was removed and the remaining 9 ml 
mixed before analysis for lipoprotein with antiserum. 


TABLe II 


Synthesis of protein and cholesterol of low density lipoprotein by 
rat liver slices* 


Medium 


| Sodium | 
chloride | Particles Total 


soluble 


Protein, wg per g wet wt. per hour 


136 
Increase per hour, aero- | 
bie (8)... +52 +10 +8 +70 + 12.7} 
Increase per hour, an- 
aerobic (3)...... —I18 —12 


Cholesterol, wg per g wet wt. per hour 


Initial (8).......... 0 1] 


78 SY 
Increase per hour, aero- 
| +16 +8 —4 +20+ 


Increase per hour, an-— 


aerobic (3).......... | | —4 


* Incubation conditions and treatment of samples before anal- 
ysis were those described by Marsh and Drabkin (4). Thus, in- 
cubation mixtures were separated into three fractions: incubation 
medium, sodium chloride soluble extract of homogenized slices, 
and deoxycholate solution of particles from homogenized slices. 
Initial values represent preparations of slices preincubated for 30 
minutes at 37° to reduce the lipoprotein content of the fresh 
slices. After resuspension of the slices in fresh medium, the in- 
cubation time was 2 hours. The increments were reasonably 
linear with time and the 2-hour values were divided in half to 
facilitate comparison of the slice experiments and those with iso- 
lated perfused liver. Anaerobic incubations were conducted un- 
der No. 

+t The numbers in parentheses represent the number of experi- 
ments. 

t Standard error of the mean. 


(b) Ultracentrifugation of liver extracts or perfusates resulted 
in concentration of the reacting (antigenic) material in the top 
portions of the centrifuge tube (Table I). 

(c) The immune precipitate contained cholesterol. In experi- 
ments with liver slices incubated with acetate-1-C™ or mevalonic 
acid-2-C™, the cholesterol in the immune precipitate was found 
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to be significantly labeled, as judged by isolation and purifica. 
tion as the digitonide after the addition of carrier cholesterol, 


RESULTS 


Net Synthesis of Plasma Low Density Lipoproteins by Liver 
Slices—The incubation medium employed and other procedural 
details were identical with those previously described for the net 
synthesis of albumin (4). The results of the experiments are 
given in Table II. Although these results are interpreted ag 
indicating a net synthesis of low density lipoprotein, the possi- 
bility must be considered that, even though the antiserum con- 
tains a barely detectable titer against high density lipoproteins, 
the amount of antiserum used in these experiments may be suff- 
cient to react with high density lipoprotein synthesized by the 
slices. The fact that most, though not all, of the reacting anti- 
gen which appears in the medium and the sodium chloride soluble 
fractions of the slices can be concentrated by ultracentrifugation 
at density 1.063 (Table I) is evidence against this possibility, 
However, it has not so far been possible to concentrate the low 
density lipoproteins present in the deoxycholate solution of the 
particles. Furthermore, a study of the quantitative precipitin 
curves obtained by reacting the deoxycholate solution of the 
particles with the antiserum reveals that considerable cross-reae- 
tion occurs, presumably with tissue lipoproteins which have been 
solubilized. The fact that slices incubated under anaerobic con- 
ditions show a considerable loss in the lipoprotein of the saline. 
soluble and particulate fractions strengthens the conclusion that 
net synthesis, and not passive transfer of lipoprotein from parti- 
cles to incubation medium, occurs in the aerobic system. Be- 
cause of the problems involved in the interpretation of the data 
for particulate lipoprotein, the synthesis of plasma lipoproteins 
by the isolated perfused liver was studied. 

Net Synthesis of Low Density Plasma Lipoproteins in Isolated 
Rat Liver Perfused with Washed Red Blood Cells—Analysis for low 
density lipoprotein in aliquots of the initial and final supernatant 
fluid obtained during the perfusion gave the results shown in Ta- 
ble III. The values for net synthesis of the protein and choles 
terol moieties compare favorably with those given in Table IT for 
liver slices. Anaerobiosis greatly reduced the final lipoprotein 
content of the perfusion medium. Thus, it appears that the in- 
crement of lipoprotein in the perfusion fluid under aerobic con- 
ditions is not derived from red cells or from the washing out of 
preformed liver lipoprotein. 

Labeling experiments with C'-amino acids in livers perfused 
with whole blood also indicated extensive incorporation of the 
label into the protein of low and high density lipoprotein. The 


Taste 


Synthesis of protein and cholesterol of low density plasma 
lipoprotein by perfused rat liver 


Type of experiment No. of experiments Cholesterol Protein 
Aerobic 9 +89 + 13f 
Anaerobic? 5 +10 + 
Aerobic... . 5 +28 + 


* Expressed as net increase per g (wet wt.) of liver in 1 hour at 


ee « 


+ Standard error of the mean. 
t N.in the gas phase; 0.002 m KCN added to the perfusion fluid. 
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results were in accord with the recently published experiments 
of Radding et al. (9) and are therefore not recorded here. 

In addition to the use of antiserum for the measurement of 
lipoproteins in the perfusion fluid, experiments were carried out 
in which direct measurements of the lipoproteins present were 
made with the analytical ultracentrifuge.2. At the conclusion of 
each experiment, the perfusion fluid supernatant, generally 30 
ml, Was adjusted to density 1.063 and centrifuged 16 hours at 
36,000 r.p.m. in the Spinco No. 40 rotor. The top 1.5 ml of 
each tube were then removed and the top fractions combined 
and recentrifuged. The top 1.2 ml of the final concentrate for 
each perfusate were then studied in the analytical ultracentrifuge 
(Table IV). 

The net synthesis of low density lipoprotein, obtained by sub- 
tracting the anaerobic values from those obtained under aerobic 
conditions, was equivalent to 125 wg per g of liver perfused for | 
hour. Assuming a content of 14% cholesterol (calculated from 
the percentage of cholesterol found in isolated plasma low density 
lipoprotein), an average net synthesis of 17 wg of cholesterol per 
gof liver may be calculated. This figure is of the same order of 
magnitude as that obtained in liver slices (Table IL) and per- 
fused liver (Table III) by the immunochemical method. How- 
ever, assuming that 15% of the molecule (Table IV) is protein, 
the corresponding value for lipoprotein-protein is 19 wg per g of 
perfused liver per hour. This is lower than the comparable figure 
of 79 ug obtained by immunochemical analysis (Table III). 

The distribution of the lipoprotein 8, values with respect to the 
presence or absence of heparin during the aerobic perfusion is 
shown in Table V. The characteristic effect of heparin (19) on 
the low density lipoprotein pattern is evident. 


DISCUSSION 


- A net synthesis of low density plasma lipoprotein by rat liver 
slices and perfused rat liver has been demonstrated in these ex- 
yeriments. Four lines of evidence support the view that the im- 
munochemical method used is specific for low density rat plasma 
lipoproteins. First, immunological absorption studies indicated 
that absorption of antiserum with liver extract diminished its 
titer against plasma lipoproteins (and rice versa). Second, the 
reacting liver antigen was greatly concentrated in the top frac- 
tion after preparative ultracentrifugation at density 1.063. 
Third, the immune precipitate contained cholesterol in amounts 
similar to those found in isolated plasma lipoprotein; and when 
radioactive acetate or mevalonate was added to the system, the 
cholesterol was labeled. Fourth, measurement of lipoprotein- 
cholesterol synthesis in the perfused rat liver by the independent 
method of analytical ultracentrifugation gave reasonable agree- 
ment with the results obtained by the immunochemical method. 
One of the disadvantages of the immunochemical method, as 
presently employed, is the probable heterogeneity of the low 
density lipoproteins used as the immunizing antigen. Rodbell 
; (10) has reported 3 different .V-terminal amino acids in the pro- 
tein moiety of the low density lipoproteins. 
fore, that one or more of the proteins present in this fraction 
need not be made in the liver (20). It should be noted, however, 
that experiments with kidney slices, intestine, and adipose tis- 
sue in vitroe® did not reveal net synthesis of lipoprotein when 


studied with anti-low density lipoprotein antiserum. The anti- 
* These experiments were done in collaboration with Dr. Verne 
Schumaker, to whom the authors are very much indebted. 
*J. B. Marsh, unpublished experiments. 
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TABLe LV 


Synthesis of low density lipoprotein by perfused rat liver, as 
measured by direct ultracentrifugal analysis of concentrates 


of perfusion fluid 


Low density lipoprotein 


Type of experiment* No. of experiments content of perfusion 


flui 
| ug/g of liver 
9 | 159 + 
Anaerobic........... 5 34 + 29T 


* Perfusions were carried out for | hour at 37° in the presence 
of 95° O2-5°% CO, (aerobic experiments) or 100°> in the gas 
phase (anaerobic experiments). In the anaerobic experiments, 
the hemoglobin was completely reduced with NaS.O, at the 
start of the perfusion. 

t Standard error of the mean. 


TaBLe V 


S, distribution of low density lipoprotein synthesized by 
perfused rat liver 


Total lipoprotein 


Sy range —_ 
No heparin | Heparin present 
% % 

4-28 30 | 50 
29-51 0 30 
52-80 3S 1S 
S1-103 32 2 


serum employed reacts with chylomicra, but not to any appreci- 
able extent with high density lipoprotein. In view of the fact 
that very high ratios of antiserum to antigen (shown in Fig. 2) 
did precipitate additional lipoprotein-cholesterol, it is possible 
that the immune precipitate in these experiments included some 
high density lipoprotein along with the low density lipoprotein. 
The labeling studies of Radding et al. (9) indicate that the liver 
can synthesize protein moieties of both low and high density 
lipoprotein. 

The failure of some observers (21) to demonstrate low density 
lipoprotein in liver homogenates may be explained by the very 
low concentrations present. In several experiments, we have 
homogenized liver (perfused to remove blood) and, after succes- 
sive concentration of large volumes of homogenate in the prepara- 
tive ultracentrifuge at density 1.063, have obtained values in the 
neighborhood of 20 wg per g of tissue as measured by the analyti- 
cal ultracentrifuge. If the ratio of the lipoprotein concentration 
in plasma to that in liver is similar to the ratio for plasma albu- 
min (4), the plasma low-density lipoprotein present in liver should 
have about 7'5 the concentration in plasma. Hillyard et al. (22) 
report a value of 0.74 mg per ml for this plasma fraction in the 
rat; therefore, a figure of 20 ug of plasma low density lipoprotein 
per g of liver appears reasonable. 

Landon and Greenberg (23) have reported a turnover time of 
plasma cholesterol in the rat of approximately 36 hours. Due 
to the exchange of isotopic plasma cholesterol with liver and red 
cell cholesterol (24), calculation of rates of synthesis from this 
data is uncertain. If the total liver and blood cholesterol of a 
100-g rat is taken as 20 mg, then the replacement rate of choles- 
terol would be 555 wg per hour. If this were entirely due to the 
activity of the liver, then the replacement rate per g of liver per 


| 
| 
tein 


3200 


hour would be 140 wg. The data in Fig. 2 indicate that about 
43% of the plasma cholesterol would be expected to react with 
the goat antiserum. With the use of our figure of 24 ug of cho- 
lesterol synthesized per g of perfused liver per hour (obtained 
by averaging the values of 20 and 28 wg given in Tables II and 
III), total synthesis of 58 wg of plasma cholesterol per g per hour 
can be estimated. The most that can be said at present from 
this type of calculation is that the figures from the present ex- 
periments in vitro seem to be of the correct order of magnitude. 

Although the question of net synthesis of high density plasma 
lipoprotein by the liver has not been settled by the present ex- 
periments, the results of Radding et al. (9) suggest an affirma- 
tive answer. Preliminary experiments with an antiserum pre- 
pared against high density lipoprotein support this view, but 
further investigation of the problem will be required. 


SUMMARY 


With the aid of the immunochemical technique, net synthesis 
of low density plasma lipoproteins has been demonstrated in liver 
slices and in perfused liver of the rat. Goat antiserum against 
low density lipoproteins isolated from rat plasma was used to 
precipitate the low density lipoproteins of the liver preparations. 
From the analytical data, it was calculated that in liver slices, 
70 ug of lipoprotein-protein and 20 ug of lipoprotein-cholesterol 
were synthesized per g of tissue per hour; in the perfused liver, 
the corresponding values were 89 wg (protein moiety) and 28 yg 
(cholesterol moiety). 

With perfused liver, direct examination of perfusates by means 
of the analytical ultracentrifuge indicated a net synthesis of low 
density lipoprotein averaging 125 yg (total molecule) per g of 
liver per hour.: In these perfusion experiments, the presence of 
heparin in the perfusion fluid caused a shift in pattern of low 
density lipoproteins in the direction of lower S; values. 


Acknowledgments—The authors are greatly indebted to Drs. 
Robert R. Marshak and Charles W. Raker of the School of 
Veterinary Medicine for their assistance with the goats and to 
Miss Francilla Sherry for technical assistance. 


Lipoprotein Biosynthesis 


oo 


Vol. 234, No. 12 


REFERENCES 


. Marsu, J. B., Federation Proc., 17, 270 (1958). 
. Marsu, J. B., anp Wuereat, A. F., Federation Proc., 18, 282 


(1959). 


. Perers, T., JR., aND ANFINSEN, C. B., J. Biol. Chem., 186, 


805 (1950). 


. Marsa, J. B., ano Drapkin, D. L., J. Biol. Chem., 230, 1073 


(1958). 


. CAMPBELL, P. N., aND Stone, N. E., Biochem. J., 66, 19 (1957). 
. Tennent, D. M., Zanetti, M. E., Atkinson, D. I., Kuron, 


G. W., ano OppykeE, D. F., J. Biol, Chem., 228, 241 (1957). 


. Fisuver, M. C., Exrenman, C., Montoomery, M. L., anp 


Cuatkorr, |. L., J. Biol. Chem., 160, 47 (1943). 


. Miuver, L. L., Buy, C. G., Watson, M. L., anno Bate, W. F,, 


J. Exptl. Med., 94, 431 (1951). 


. Rappine, C. M., Bracpon, J. H., ano Sremnpera, D., Bio- 


chim. et Biophys. Acta, 30, 443 (1958). 


. Ropperr, M., Science, 127, 701 (1958). 
. Freunp, J., anp McDermort, K., Proc. Soc. Exptl. Biol. Med., 


49, 545 (1942). 


. Haven, R. J., Ever, H. A., ann Braavon, J. H., J. Clin. In- 


vest., 34, 1345 (1955). 


. Levine, L., Kaurrman, D. L., anp Brown, R. K., J. 


Med., 102, 105 (1955). 


. Kornooup, L., Ann. N.Y. Acad. Sci., 69, 681 (1957). 
. Zuarxis, A., Zax, B., anv Boyue, A. J., J. Lab. Clin. Med., 


41, 486 (1953). 


. Ruopes, D. N., Biochem. J., 71, 26 P (1959). 
. Lowry, ©. H., Rosesprovuan, N. J., Farr, A. L., anp 


pau, R. J., J. Biol. Chem., 193, 265 (1951). 


. Sperry, W. M., ann Wess, M., J. Biol. Chem., 187, 97 (1950). 
. Linperen, F. T., Nicnous, A. V., AND Freeman, N. K., J. 


Phys. Chem., 59, 930 (1955). 


. M., Freprickson, D. Ono, K., J. Biol. 


Chem., 234, 567 (1959). 


. Orson, R. E., In L. H. Pace (Editor), Chemistry of lipides as 


related to atherosclerosis, Charles C Thomas, Springfield, 
Illinois, 1958, p. 108. 


. Hinttyarp, L. A., Enrenman, C., Ferinperc, H., anno Cuat- 


xorr, I. L., J. Biol. Chem., 214, 79 (1955). 


. Lanpon, E. J., anp Greensera, D. M., J. Biol. Chem., 208, 


493 (1954). 


. Hacerman, J. 8., anp Goutp, R. G., Proc. Soc. Exptl. Biol 


Med., 78, 329 (1951). 


| 
2 
10 
ll 
1 2 
14 
15 
17 
19 
20 
2) | 
22 
| 
24 
| 
| 


vo. 12 


ides as 
ig field, 


209, 
. Biol 


Tue Journnat or Brorogicat CuEeMisTRY 
Vol. 234, No. 12, December 1959 
Printed in U.S.A. 


Creatine and Creatine Kinase Measurement* 


Marvin L. TANzert CHARLES GiLvarGt 


From the Department of Biochemistry, New York University College of Medicine, New York, New York 


(Received for publication, July 6, 1959) 


Many methods for measuring creatine are known, the principal 
ones being direct colorimetric assay (1), indirect colorimetric 
assay (2), and destruction with bacterial adaptive enzymes (3). 
However, none of these methods are specific nor are they sensi- 
tive enough to detect very small amounts of creatine. These 
assavs have been used to examine urine and serum for creatine 
content, but, because of their limitations, there is little agreement 
about creatine concentrations in these fluids. 

It was felt that any study involving creatine would be con- 
siderably facilitated by an improved means of determination. 
In recent years, enzymatic assays have been increasingly used 
for the measurement of biological materials (4, 5). This report 
describes an enzymatic assay for the determinaton of creatine 
and its application to creatine measurement in serum and urine. 


EXPERIMENTAL 


Materials and Methods 


Protein was determined by the method of Warburg and Chris- 
tian (6). Inorganic phosphate was measured by a modified 
Fiske-SubbaRow method with ascorbic acid as a reducing agent 
(7). Glyeoeyamine was measured by the diacetyl-a-naphthol 
method of Eggleton et al. (1). Creatine phosphate was hydro- 
lyzed by the method of Barker and Ennor (8). Absorbancy 
measurements were made in a Beckman model DU spectropho- 
tometer. 

Creatine and glycocyamine were obtained from the California 
Corporation for Biochemical Research. Crystalline lactic dehy- 
drogenase was obtained from C. F. Boehringer and Sons, Mann- 
heim, Germany, and did not have pyruvate kinase, creatine 
kinase, or ATPase activities. The specific activity was 27 
umoles per minute per mg of protein, as measured in the cre- 
atine assay system with a saturating amount of pyruvate. 

Crystalline pyruvate kinase was a gift of Dr. A. Tietz and did 
not have any lactic dehydrogenase, creatine kinase, or ATPase 
activities. The specific activity was 21 wmoles per minute per 
mg of protein as measured in the creatine assay system with a 
saturating amount of ADP. 

Creatine kinase was crystallized from rabbit muscle by the 
short method of Kuby et al. (9), and did not have pyruvate 
kinase or lactic dehydrogenase activities. Slight residual ATP- 
ase activity remained after two crystallizations. The specific 
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activity was 130 umoles per minute per mg of protein, measured 
as described in the results. 


EXPERIMENTAL AND RESULTS 


Determination of Creatine—In the attempt to devise an en- 
zymatic assay for creatine the choice of enzyme is limited since 
creatine is the substrate of only one well characterized enzyme, 
creatine kinase. 

By coupling creatine kinase (Reaction 1) with pyruvate kinase 
(Reaction 2) and lactic dehydrogenase (Reaction 3), one obtains 
a summed reaction (Reaction 4) in which the conversion of 
creatine to creatine phosphate is accompanied by the oxidation 
of an equimolar amount of DPNH. 


Creatine + ATP -°* creatine phosphate + ADP (1) 
Phosphoenolpyruvate + ADP .~* pyruvate + ATP (2) 
Pyruvate + DPNH + H* .°* lactate + DPN* (3) 


Creatine + phosphoenolpyruvate + DPNH + H* -> 


(4 
creatine phosphate + lactate + DPN* 


Under the conditions used Reaction 4 proceeds virtually to 
completion and the change in absorbaney at 340 my becomes a 
direct measure of the amount of creatine in the assay. Fig. | 
illustrates a typical example of a creatine determination. The 
system is assembled with the exception of creatine kinase. By 
waiting until there is no further change in absorbancy at 340 my 
any ADP or pyruvate present in the system will be consumed. 
The creatine kinase is then added and the optical density changes 
are measured until they stop or become linear with respect to 
time. 

The lower baseline is extrapolated to the time of creatine 
kinase addition to correct for any ATPase or DPNH oxidase 
activity present in this enzyme. The creatine kinase dependent 
change in absorbance is taken as a measure of the creatine. In 
this instance, the change is equivalent to 0.200 umole of DPN* 
as expected for the 0.200 umole of creatine added to this assay. 

The proportionality between absorbancy change and creatine 
content was examined. Over a 20-fold range of creatine con- 
centrations, (0.44 to 8.8 we) there is a linear relationship between 
the change in absorbancy and creatine concentration. 

It is of interest that at these low concentrations of creatine the 
kinetics are those of a unimolecular reaction and, hence, the time 
necessary to achieve completion (99°, conversion of creatine to 
creatine phosphate) is independent of creatine concentration. 

Specificity of Assay—In order to gain some insight into the 
feasibility of applying the assay to biological systems a number 
of creatine analogues, which might be expected in natural mate- 
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Fic. 1. The determination of creatine. The following compo- 
nents were present in the reaction mixture: 150 wmoles of gly- 
cine buffer, pH 9.0; 1.00 wmole of MgCl, ; 0.32 ymole of DPNH; 
1.00 umole of ATP; 2.00 uwmoles of phosphoenolpyruvate; 0.200 
umole of creatine; 0.024 mg of lactic dehydrogenase; 0.060 mg of 
pyruvate kinase; and 1.00 mg of creatine kinase. The total volume 
was 3.0 ml in quartz cells, light path = 1 em. 


Tasie I 
Effect of glycocyamine on creatine determination 


Conditions were the same as those of Fig. 1; creatine and glyco- 
cyamine were added before the addition of creatine kinase. Total 
volume was 1.0 ml in quartz cells, light path = 1.0 em. 


Creatine Glycocyamine | &-minute value* 
pmole pmole | 4 absorbancy 
0.030 0 | 0.176 

0 0.030 | 0.004 
0.030 0.030 0.180 

0 0.300 0.036 
0.030 0.300 | 0.206 


* Completion time for creatine determination; see Fig. 1. 


Tasie Il 
Analytical composition of enzymatically synthesized 
glycocyamine phosphate 

The reaction mixture contained 200 ymoles of phosphoenol- 
pyruvate, 21.0 umoles of ADP, 2100 wmoles of glycocyamine, 20.0 
pmoles of MgCl., 2.0 mg of pyruvate kinase, and 25.0 mg of crea- 
tine kinase. Total volume was 60 ml, the temperature was 25°, 
and the pH adjusted initially to 7.80 with KHCO,. Hydrolysis 
of the isolated calcium salt was accomplished by heating for 2 
minutes at 100° in 1 n HCl. 


Constituent Before hydrolysis After hydrolysis 
pmole/mg pmoles/me 
Glycocyamine........ 0.05 3.12 
Inorganic phosphate. . 0.00 2.93 
d phosphat 
Bound phosphate 095 


Bound glycocyamine 


rials, were evaluated for their capacity to interfere with the assay. 
They were tested for the ability to act as substrates and become 
phosphorylated or to act as inhibitors. Creatinine, arginine, 
citrulline, ureidosuccinate, canavanine, and glycocyamidine were 
without effect on the assay. 
creatine determination. 
vestigated. 


Only glycocyamine interfered with 
This effect was more extensively in- 
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In order to determine the affinity of creatine kinase for gly- 
cocyamine, the reaction rate was measured with various sub- 
strate concentrations. Due to the limited solubility of glyco- 
cyamine, saturation of creatine kinase could not be obtained, 
It was not possible to determine the A, for glycocyamine. 
However for purposes of comparison it may be noted that at a 
substrate concentration of 2.40 uwmoles per ml, the rate of reac- 
tion is 240 times greater with creatine than with glycocyamine, 

Glycocyamine added to the assay system is able to react with 
creatine kinase in a noncompetitive manner due to the large 
amount of available enzyme present. Furthermore, the glyco- 
cyamine rate is linear over the time of creatine determination, 
since, at concentrations comparable to creatine it reacts so slowly 
its concentration does not perceptibly change while the creatine 
is reacting. 

Experiments were performed in which equal amounts and 10- 
fold excesses of glycocyamine were added to the creatine assay, 
As can be seen from Table I, the presence of an equal amount 
of glycocyamine introduces a 2° error. The error becomes more 
serious with a 10-fold excess of glycocyamine. Fortunately this 
situation is readily detected during the determination as a con- 
tinued linear decrease in absorbancy after the rapid initial fall 
due to creatine. 

Enzymatic Preparation of Phosphoglycocyamine—Although 
ATP formation from synthetic glycocyamine phosphate has been 
shown (10), the reverse reaction had not been demonstrated 
previously (10, 11). 

In order to prove that glycocyamine phosphate formation was 
indeed catalyzed by creatine kinase, a large scale incubation was 
set up and glycocyamine phosphate was isolated from the reac- 
tion mixture according to the procedure of Fawaz and Seraidarian 
(10). This resulted in a calcium salt of 60° purity containing 
almost equal amounts of bound phosphate and bound glyco- 
eyamine (Table IT). 

Creatine in Urine—In order to explore further the usefulness 
of the assay it was applied to the measurement of the creatine 
in urine. In preliminary experiments it was found that, apart 
from the necessity of adjusting the urine to pH 9.0 and centri- 
fugation of the insoluble material, no other treatment of the 
urine was required. 

Urines from normal men and women were examined for crea- 
tine content; 24-hour samples were collected under toluene to 
inhibit bacterial growth. Urine specimens were adjusted to pH 
9.0 with 18 ~n KOH and kept at 0° to limit conversion of creatinine 
to creatine. Used for each sample was 0.10 ml of urine, and the 
total creatine was computed from the measured 24-hour volume 
(Table IIT). 

No inhibitors of the assay were present in the urine as shown 
by increasing the urine samples to 2-fold and 4-fold, with result- 
ant 2-fold and 4-fold increase in creatine values. In addition, 
the assay time and kinetic curves were the same as for pure 
creatine solutions. 

However, the creatine values in Table III are chiefly contrib- 
uted to by artifactitious creatine that arises from the large 
amounts of creatinine in the urine. Storage of urine, both in the 
bladder and during the 24-hour collection period, is responsible 
for introducing this artifact. In order to obtain the true creatine 
content of urine entering the bladder from the kidneys the fol- 
lowing experiment was carried out: 

Three normal men voided completely at a given time. Four 
hours later, they again voided and aliquots of the urine were 
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measured for pH, creatine, and creatinine. Samples were also 
incubated in stoppered vessels under toluene at 38°. At various 
intervals aliquots were removed for pH and creatine determina- 
tions. The results are shown in Fig. 2. Extrapolation of the 
curves to the mean time between the two voidings gives the 
value for the creatine entering the bladder from the kidneys. 
The error in creatine determinations of fresh urine, due to bladder 
incubation, varies and is from 10 to 30° in the present study of 
urine specimens from men. Anderson et al. (12) have reported 
24-hour urinary creatine values for men similar to those of Table 
Ill. These workers do not give any information about the arti- 
factitious creatine in such urine specimens. 

Comparison of the rates of creatine formation from urinary 
creatinine (Fig. 2) with those obtained from buffered solutions of 
pure creatinine at various pH values showed that the urinary 
rate is about 50° greater. The basis for this phenomenon is not 
apparent at the present time. 

Creatine Determination in Serum and Red Blood Cells—-Whereas 
creatine determinations could be performed directly on urine 
this was not possible in the case of serum. Creatine was re- 
moved from 10.0 ml of rabbit serum by passage of the serum 
over 1.0 ml of a column of Dowex 50-H*. This step was re- 
quired to separate the creatine from the large amount of pyruvate 
present in the serum as this amount will oxidize all the DPNH 
in the assay system. The creatine was eluted from the column 
with 5 ~ NH,OH and the solution evaporated to dryness. This 
creatine was then measured after dissolving it in a known volume 
of water. All of the creatine was removed, as repassage of the 
same serum over the column did not yield any more creatine. 
In addition, passage of a known amount of creatine onto this 
column with subsequent elution gave full recovery of the creatine 
without conversion to creatinine. The serum contained 13.8 
mg per liter of creatine. 

Rat red blood cells, 0.50 ml, were hemolyzed in 2.0 ml of dis- 
tilled water at O°. A 1.0-ml aliquot was diluted 4-fold and 
centrifuged at 10,000 x g for 20 minutes. The supernatant was 


Tasce Ill 
Urinary creatine 


Conditions were the same as Fig. 1, except: total volume was 
1.0 ml miquartz cuvettes, light path = 1.0 cm. 


Subject No. Total Body weight 
| me/keg 
19 34.4 | 0.42 
28 19.1 | 0.24 
31 26.6 | 0.42 
10 | 22.9 | 0.33 
2 | 14.6 0.22 
8 | 21.8 | 0.27 
6 27.4 0.43 
29 24.0 0.33 
9 18.1 | 0.20 
| 0.32 + 0.09 Men 
20 | 64.1 1.08 
34 103.2 1.81 
16 59.5 0.90 
5 24.6 0.44 
23 32.3 | 0.52 
Mean...... 0.95 + 0.55 Women 


M. L. Tanzer and C. Gilvarg 
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hydrolyzed to convert any creatine phosphate to creatine and 
passed over a column of Dowex 50-H*, as described above. The 
red cells contained 15.3 mg per liter of creatine. 

Determination of Creatine Kinase—It is also possible to measure 
creatine kinase activity with the same assay system simply by 
adding a saturating amount of creatine. The rate of oxidation 
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Fia. 2. The effect of urine incubation upon the urinary creatine 
content. The experimental conditions are described in the text. 
The pH remained constant throughout the experiment and the 
sample was 0.30 ml measured in 1.0 ml total assay volume. Quartz 
cells, light path = 1.0 em. 
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Fic. 3. The creatine kinase standard curve. The conditions 
were the same as Fig. | except: 100 umoles of creatine, pH 9.0, were 
added to the assay system and the total volume was 1.0 ml in 
quartz cells, light path = 1.0 em. 


Taste IV 
Creatine kinase activity of tissues 


Conditions were the same as shown in Fig. 1 except: 12.0 umoles 
of creatine,* pH 9.0, were added to the assay system. 


Tissue | Soluble protein activityt 

A absorbancy/min./mg 
Gastrocnemius..................| 4.800 
Large intestine.............. 0.059 
Small intestine.............. .| 0.023 


* This amount of creatine is not saturating. 
+t Measured spectrophotometrically in the supernatant fraction. 
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of DPNH then becomes dependent upon the amount of creatine 
kinase present (Fig. 3). The reaction rate is linear with time 
until most of the DPNH is consumed. 

Creatine Kinase in Tissue—A variety of rat tissues were ex- 
amined for creatine kinase activity in order to test the applica- 
bility of the creatine kinase assay. A rat weighing 150 g was 
killed by decapitation and samples of various tissues were ex- 
cised. These were placed in 1 m glycine, pH 9.0, at 0° and ho- 
mogenized in a Vertis-45 at 45,000 r.p.m. for 20 seconds. Cen- 
trifugation at 18,000 x g for 20 minutes reduced DPNH oxidase 
activity. The supernatant was examined for creatine kinase 
activity and the results are listed in Table IV. The enzyme was 
not detected in serum although full activity of added creatine 
kinase was recovered. 

DISCUSSION 


The enzymatic determination of biological substances is often 
very sensitive and specific. However, inhibition by diverse 
biological materials and side reactions, by endogenous enzymes, 
are potential disadvantages. These complications can usually 
be detected but not always removed, thereby limiting the prac- 
ticality of the assay. The present method for creatine and 
creatine kinase measurement has been tested on various biological 
materials in order to determine its usefulness. 

It was shown that glycocyamine could interfere with creatine 
determinations if present in tissue at a concentration 10 times 
that of the creatine in the sample. However, glycocyamine is 
not found in normal tissues in sufficient concentration to cause 
any interference (13). 

In experiments with serum it was found that serum contains 
sufficient pyruvate to oxidize all of the DPNH in the assay sys- 
tem. Instead of adding more DPNH to the assay, creatine was 
separated from the pyruvate by ion exchange chromatography. 
This step is quantitative and also provides a means of concen- 
trating the creatine from serum. 

The ATPase and DPNH oxidase activities of tissue can be 
removed by various protein precipitants. In determining crea- 
tine kinase activity of tissue this step is obviously not feasible 
but the creatine kinase rate is then corrected for the usually small 
background rate of the side reactions. 

Several interesting features of creatine and creatine kinase 
distribution in the body tissues are brought out in this study. 
For example, it is often stated that creatine does not occur in 
urine from normal adults, particularly men (14). Consequently, 
the “‘creatinuria” associated with muscular diseases is assumed 
to be a distinct qualitative change from normal. However, the 
previous studies were based upon other assay methods which, 
because of their limitations, could not detect the small amounts 
of creatine that normally occur in urine. Furthermore, the 
artifact produced by conversion of creatinine to creatine during 
urine storage in the bladder could not have been demonstrated 
by the older assays. Thus, the finding of small but definite 
amounts of creatine in urine from men and women indicates that 
the creatinuria of muscular disease is not a distinct qualitative 
event but only a quantitative change from the normal. Further- 
more, the 3-fold difference in creatinuria in men and women will 
become even more striking when allowance is made for creatinine 
conversion to creatine which occurs in the bladder, since the 
added artifactitious creatine is a constant subtracted from both 
means. 

In the past, creatine kinase activity has been determined by a 
less sensitive, complicated, and indirect assay method which is 
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not directly applicable to tissue (9). By contrast, the present 
method is simple and direct, and furthermore, has the advantage 
of the use of zero order kinetics instead of the second order ki- 
netics of the older assay. 

Another spectrophotometric method for determining creatine 
kinase has been reported by Oliver (15), who also measured 
creatine kinase activity in tissues. The distribution of this 
enzyme in rat tissues was similar to that reported in the present 
study. 

The present demonstration of phosphoglycocyamine formation 
is a measure of the sensitivity of the enzymatic assay. Further- 
more, the simple, direct applicability of this assay suggests that 
it can be used for many practical operations. For example, 
muscular disease is not usually discovered until its manifestations 
become clinically obvious. However, it may be possible to detect 
various myopathies in their early, subclinical stage by this sensi- 
tive test for urinary creatine. Any deviation from the normal 
excretion, expecially in men, might provide an early clue to the 
diagnosis of muscular pathology. 

During the past 50 years creatine has been the subject of many 
investigations. A great deal of this work was conflicting and 
produced extensive controversy. The chief handicap appears to 
have been the lack of a direct, specific and sensitive method for 
measuring creatine. It is felt that the enzymatic assay fulfills 
these criteria and that further investigations will be aided by its 
use. 

SUMMARY 


An enzymatic method for creatine and creatine kinase de- 
termination is presented which is of greater specificity and 
sensitivity than that of other methods in common use. 

This method has been applied to the estimation of creatine in 
urine and serum and to creatine kinase determinations in tissue. 
In contrast to previous studies, creatinuria has been shown to be 
of general occurrence in adults. 

The sensitivity of this method is emphasized by the detection 
of phosphoglycocyamine synthesis by creatine kinase. The en- 
zymatic preparation of this phosphagen is described. 
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The glucogenic character of the amino acid, serine, in the 
animal body was first recognized in 1913 by Dakin (1) as a re- 
sult of studies with fasted, phlorizinized dogs. Although Stéhr 
(2) was subsequently unable to demonstrate a net synthesis of 
liver glycogen from pL-serine in fasted rats, several reports have 
appeared (3-5) which indicate clearly that this can occur. The 
two stereoisomers of serine have not been separately studied with 
respect to their ability to form glucose or glycogen in the animal 
organism. 

A plausible mechanism for glucose and glycogen biosynthesis 
from serine emerged in 1943 when Chargaff and Sprinson (6, 7) 
reported that pyruvic acid, a potent glucose precursor, is formed 
as a product of the anaerobic deamination of serine by bacterial 
cells and by cell-free mammalian liver preparations. Serine 
dehydrase, which catalyzes the direct conversion of serine to 
pyruvate, is a ubiquitous component of living systems. Neuro- 
spora crassa, mammalian liver tissue, and a number of bacterial 
species produce this enzyme (6-8). Sayre and Greenberg (9) 
recently obtained from sheep liver a purified serine dehydrase 
preparation highly specific toward L-serine, but inactive toward 
p-serine and all four stereoisomers of threonine. 

We wish here to report the results of our efforts to elucidate 
the mechanism of glycogen synthesis from serine in the rat and 
particularly to assess the importance of the transformation of 
serine to pyruvate in this biosynthetic process. Toward this 
end, we have examined the isotope distribution patterns in liver 
and, in several instances, skeletal muscle glycogen isolated from 
rats given DL-, b-, or L-serine-3-C™ by the intraperitoneal route. 
The data obtained reveal that different mechanisms are operative 
in vivo during glycogen synthesis from p- and L-serine. 


EXPERIMENTAL 


Preparation of v- and (specific 
activity, 0.52 me per mmole) was resolved by the enzymatic 
procedure of Birnbaum et al. (10). N-Chloroacety|-pL-serine-3- 
C4 was synthesized at 0° from 105.7 mg (1 mmole) of pL-serine-3- 
(“ with chloroacetic anhydride (10) as acylating agent but | N 


*Supported in part by the National Institutes of Health, 
United States Public Health Service (No. SF-14), and the United 
States Atomic Energy Commission (Contract No. AT-(40-1)-2003). 
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Meeting of the Federation of American Societies for Experimental 
Biology at Atlantic City, New Jersey, April 1959. 

+t Senior Research Fellow of the United States Public Health 
Service. 

t Present address, Mount Sinai Medical Research Foundation, 
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§ Present address, Department of Biochemistry, Oklahoma 
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rather than 4 N NaOH. The final reaction mixture was passed 
through a column of Amberlite [R-120 resin (hydrogen form). 
Lyophilization of the column effluent yielded a crude product 
which was purified by partition chromatography on Celite (11). 
Removal of the serine derivative from the Celite column was 
effected with a chloroform-n-butanol (80:20 volume for volume) 
solvent after an initial development with chloroform-n-butanol 
(90:10 volume for volume) used to remove monochloroacetic 
acid. Titration of the appropriate fractions revealed the yield 
of V-chloroacetyl-pL-serine-3-C"™ to be 0.96 mmole. Lyophiliza- 
tion yielded the sodium salt in a high state of purity. 

The sodium salt was incubated at 38° for 18 hours with 0.3 
mg of acylase I (10). A nonisotopic sample of identical composi- 
tion was simultaneously incubated. Analysis of the latter for 
serine (12) indicated a quantitative formation of L-serine had 
occurred in less than 6 hours. After removal of protein (13), 
L-serine-3-C™ was separated from the incubated mixture by the 
ion exchange method of Baker and Sober (14) except that I N 
NH,OH (15) was used to displace it from the resin (Amberlite 
IR-120) column. p-Serine-3-C™, obtained by acid hydrolysis 
(14), was adsorbed on Amberlite [R-120 resin and eluted with 1 
NH,OH. 

Purification of the final products by crystallization from 
ethanol-water vielded 43.2 mg (0.41 mmole) of p-serine-3-C" and 
44.4 mg (0.42 mmole) of L-serine-3-C™. Paper chromatography 
in three different solvents showed that both products contained 
but a single ninhydrin positive component. Scanning of the 
paper chromatograms by means of a thin window Geiger tube 
revealed that radioactivity occurred only in the ninhydrin-posi- 
tive material. The optical purity of each isotopic serine isomer 
was established by repeated recrystallization from water-ethanol 
of an N-tosyl derivative prepared from a solution containing the 
labeled product diluted 2000-fold with its unlabeled enantio- 
morph. In each case, a stereochemical purity in excess of 98° 
was established." 

Animal Experiments—In a series of experiments, male? albino 
rats (of Wistar origin) from our own colony were given DL-, b-, 
or L-serine-3-C™ (dissolved in 0.75 to 1.0 ml of 0.9% sodium 
chloride solution) by intraperitoneal injection. The p1-serine-3- 
C™ used in this work was purchased from the Nuclear-Chicago 
Corporation and shown by degradation (17) to contain significant 
radioactivity only in carbon 3. During the 3-hour period be- 
tween injection of labeled serine and the time the animal was 
killed, each rat was placed in a glass metabolism chamber swept 
with a slow stream of air. Expired CO, was trapped in alkali 
and later assayed for C™. 

'M. L. Minthorn, Jr. and R. E. Koeppe, submitted for publica- 
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? Rat 97 was female. 
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| 
Data concerning experimental animals given bD-, L-, or 
pL-serine-3-C** 


p- and L-Serine Metabolism 
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II 


Distribution of C* in tissue glycogen of animals after 
administration of D-, L-, or DL-serine-3-C'* 


| | | Glyc 
Rat | Pretreatment Rat Compound Amount 
No of animal weight administered® | injected CHO. |. Mus- 
Liver ele 
we | me | % | me | me 
24% | Normal | 184 | pi-serine-3-C™ | 93 10.1 27 | 700 
31° | Normal 132 | pu-serine-3-C™ 107 11.6 23 40 
46 | Normal 149 | L-serine-3-C'* 47 10.1) 26 67 
63 | Normal 139 | L-serine-3-C'™* | 47 10.1 22 | 197 
96 | 48 hours | 112 | L-serine-3-C™ 26 | 5.6 26 | 112 155 
fasted¢ | | 
974 | 40 hours 94 | L-serine-3-C | 26— 5.6 20 93 131 
fasted¢ | 
61 Normal 128 | p-serine-3-C'* | 47 to. 21 104 
64 | Normal 147 | p-serine-3-C™ | 47 10.1. 25 | 276 
94 | 48 hours | 130 | p-serine-3-C% | 29 6.2 21 | 128 157 
fasted¢ 
95 | 40 hours | 138 | p-serine-3-C™ | 26 | 5.6 20 | 177) 260 
fasted | | | 


* The compounds had specific activities as follows: 
pL-serine-3-C"™, 0.97 me per mmole 
L-serine-3-C'*, 0.49 me per mmole 
p-serine-3-C"™, 0.49 me per mmole 

>’ Data from a previous publication (53). 

¢ Given approximately 2 g of glucose by stomach tube 30 min- 

utes before injection of labeled serine. 
4 Female. 


Rats 94 to 97 were fasted for 40 or 48 hours before the start 
of experimentation and received 2 g of glucose by stomach tube 
30 minutes before labeled serine was injected (18). The other 
six animals used were not subjected to a preliminary fast. Data 
concerning the rats used, the compounds administered, and the 
extent of CO, expiration are given in Table I. 

Isolation Procedures—After each animal had been killed by a 
blow to the head, glycogen was isolated from the liver (17) and 
a liver protein powder prepared (19). In some instances, glyco- 
gen was also isolated from the animal carcass (20) after removal 
of paws, head, skin, and viscera. Yields of liver and carcass 
(muscle) glycogen are included in Table I. In some experiments, 
various amino acids of liver and “carcass”’ proteins were isolated 
and degraded by methods previously reported (17, 19, 21). 

Glycogen Degradation—Kach isolated sample of glycogen, 
suitably diluted when necessary with carrier rat liver glycogen, 
was hydrolyzed (5 hours) with 1 Nn H,SO, on a steam bath. 
After neutralizing the hydrolysate with BaCOs, or, preferably, 
by means of an ion exchange column (Amberlite IR-45, free base 
form), purification of glucose was achieved by adsorption chroma- 
tography on charcoal (22, 23). Best results were obtained with 
columns of Nuchar (40 to 60 mesh). Glucose was selectively 
removed from the column with 2.5°) ethanol in water (24). 
Glucose-containing fractions, identified by ascending paper 
chromatography, were combined and evaporated (with an air 
jet) to a sirup at room temperature. Glucose was chemically 


degraded as previously described (17) except that formaldehyde, 
representing carbon 6, was isolated as the 2,4-dinitrophenyl- 
hydrazone derivative. 


| | | : | Carbon? 

Rat No. | Total | 
| | | Ab) 2(a) 6 
| mucimmole) | % % % 

24 | liver | 13.0; 15 | #8 3 46 

31 liver | 269 33 8 45 
| 

46 | liver | 1570 82 | 2 16 27 

63 liver 5.4 78 22 14 23 

96 liver | 2290 8 | ZB 17 25 

muscle 571 75 | 27 | #16 32 

97 liver 2890 86 24. 26 

muscle 1170 | 23 20° 29 

61 liver 5.4, 42 | 41 11 

64 liver 34.6 38 34 | 

94 liver | 140 | 2 | 35 5 47 

muscle | 1470 14 | 39 3 50 

9 liver | 950 | 19 38 4 48 

_ muscle | 90 9 | 4 2 lost 


* Calculated according to Shreeve (28) (2a/(a + b)) X 100. 

® Values are given as % of the total. 

¢ Determined by subtracting the value for carbon 1 from that 
of carbons 1 + 2. 


Carbon Analysis and Assay of Radioactivity—Carbon analyses 
and C™ assays involved manometric measurement of CO, and 
determination of radioactivity with a vibrating reed electrometer 
(19). 


RESULTS AND DISCUSSION 


In Table II are summarized data concerning the isotope con- 
tent and distribution of the isolated glycogen samples. From 
these data and those concerning glycogen yields (Table I), it is 
evident that the nonfasted rats yielded liver glycogen varying 
greatly in amount and in isotope content. The isotope content 
in several instances was so low that accurate measurement of 
radioactivity was difficult. Such findings serve to emphasize 
the highly labile character in vivo of liver glycogen and _ the 
practical importance of a technique (18) designed to circumvent 
experimental difficulties stemming from this lability. Such a 
technique was employed successfully in the work involving Rats 
94 to 97. 

As the data in Table II reveal, the glucose units of both liver 
and muscle glycogen invariably were more extensively labeled in 
carbon 6 than in carbon 1, regardless of the isotopic compound 
administered. Similar findings of an unsymmetrical labeling in 
glycogen hexose units have been observed and explained (25, 26) 
by others during studies with other isotopic glycogen precursors. 

Glycogen Synthesis from vi-Serine-3-C'— It is apparent (Table 
II, Rats 24 and 31) that pi-serine-3-C™ underwent conversion is 
vivo to liver glycogen hexose units which contained appreciably 
more isotope in carbon 1 than in carbon 2. The extent of isotope 
randomization into carbon 2, 15 and 39°, respectively, for Rats 
24 and 31, contrasts sharply with that (75 to 90°7) which char 
acteristically occurs during liver glycogen synthesis from py- 
ruvate-2- or -3-C™ (or lactate) in vivo (18, 27) and in vitro (28). 
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Clearly, the conversion of one, or both, of the labeled serine 
isomers to liver glycogen occurred by means of a pathway not 
involving pyruvate formation as the initial biochemical event. 
Since differing amounts of the two isotopic enantiomorphs might 
have undergone conversion to glycogen by separate routes in- 
volving unlike randomization effects, it was concluded that p- 
and L-serine-3-C™ should be separately studied if definitive re- 
sults were to be obtained. Friedmann et al. (27) have reported 
data and conclusions similar to those just discussed. 

Glycogen Synthesis from -Serine-3-C“—Hydrolysis of liver 
glycogen samples from each of the four rats given L-serine-3-C™ 
yielded glucose containing nearly as much isotope in carbon 2 as 
incarbon 1 (Table Il). Randomization of isotope into position 2 
varied from 78 to 86°%. These values all fall within the range 
characteristic of pyruvate-3-C™ (18, 27, 28). Consequently, the 
data are entirely compatible with the view that conversion to 
pyruvate initiates the process of liver glycogen synthesis from 
t-serine in vivo. Such a view is consistent with the reported 
stereospecificity of serine dehydrase of mammalian liver (9). 

The isotope distribution patterns in the muscle glycogen of 
Rats 96 and 97 (Table II) closely paralleled those of the cor- 
responding liver glycogen samples. In contrast to these findings 
is the report of Hiatt et al. (29) that pyruvate-2-C" is converted to 
glveogen tn vitro by rat diaphragm tissue without randomization 
of isotope into hexose carbons 1 and 6. Such strikingly different 
results emphasize the extent to which metabolic processes in vivo 
and in vitro may differ. Since muscle glycogen in vivo is derived 
principally from blood glucose (30), one would expect the isotope 
pattern of muscle glycogen to reflect that of liver glycogen after 
the intraperitoneal administration of L-serine-3-C™ to rats. 

It should be mentioned that events in the pentose phosphate 
(shunt) pathway offer no explanation for the labeling patterns 
observed in liver and muscle glycogen. A randomization of iso- 
tope from carbon 3 to carbon 2 of the serine molecule (and, hence, 
from carbon 1 to carbon 2 of hexoses) can, however, result from 
the operation of the following cyclic process discovered by Weiss- 
bach and Sprinson (31): 

NH; 


HCHO + H:N—CH:;—COOH — HO—CH,—C—COOH 


HOCH:CH,NH: + CO; 


The extent of conversion of ethanolamine to glycine in the rat 
appears to be quite limited (32) and occurs in part by a process 
(ethanolamine — choline — betaine — glycine) which would 
transfer isotope from carbon 3 to carbon 1 (rather than carbon 2) 
of the serine molecule. We therefore assume that the ethanol- 
amine cycle is nota complicating factor in the experiments with 
L-serine-3-C™, 

The data under discussion would appear to rule out, insofar as 
glycogen synthesis in vivo from L-serine is concerned, a pathway 
recently discussed by Dickens and Williamson (33). This path- 
way may be summarized as follows: 


L-Serine — HOCH,COCOOH 
L-Serine — HCHO + H:NCH,COOH 
HOCH .COCOOH 


Transketolase 


+ HCHO + HOCH,COCH,OH + CO, 


Sum: 2 L-Serine HOCH,:COCH,OH + H:NCH,COOH + CO, 


M. L. Minthorn, Jr., G. A. Mourkides, and R. E. Koeppe 
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Such a process, if operative, would convert L-serine to hexose 
units, (a) heavily labeled in carbons 3 and 4, (6) with relatively 
little randomization of isotope into carbon 2 (17), and (c) more 
extensively labeled in carbons 1, 2, and 3 than in carbons 4, 5, 
and 6 (25, 26). Our data are completely contrary to such ex- 
pectations. 

Reference might finally be made to the fact that the isotope 
randomization produced in liver glycogen by L-serine-3-C™“ 
closely resembles that of labeled formate (34). This similarity 
correlates with the known incorporation of formate into carbon 
3 of the L-serine molecule (8). 

Glycogen Synthesis from v-Serine-3-C'—The glucose units of 
liver glycogen from the animals given p-serine-3-C™ invariably 
contained appreciably less isotope in carbon 2 than in carbon 1 


(Table 11). Isotope randomization into carbon 2 varied from 19 
to 42°. These low values differ significantly from the 75 to 90°% 


produced in liver glycogen by L-serine-3-C™ and pyruvate-3-C"™, 
Clearly, the stereoisomers of serine are quite differently handled 
by the rat insofar as glycogen synthesis in the liver is concerned. 
In the muscle glycogen of Rats 94 and 95 (Table I1), randomiza- 
tion of isotope into carbon 2 was significantly less than that in 
the corresponding liver glycogen. This difference, if real, would 
indicate that p-serine is in part converted to hexose extra- 
hepatically. 

The data just discussed argue against any extensive direct con- 
version of p-serine to L-serine before glycogen formation. As 
mammalian enzymes are known which transform p-serine to 
hydroxypyruvate (35, 36) and this to L-serine (37), one might 
expect a direct inversion of p-serine to its enantiomorph to occur 
in the animal body. Apparently, the inversion process proceeds 
more slowly than do competing reactions which result in glycogen 
formation with little isotope randomization. The inversion of 
other p-amino acids in vivo is known to be slow (38). 

The difference between the p- and L-serine-3-C™ labeling 
patterns in tissue glycogen probably stems from enzyme 
stereospecificity. Thus, the specificity of mammalian serine 
dehydrase toward L-serine (9) would direct p-serine into a glyco- 
genic pathway not involving pyruvate as an obligatory inter- 
mediate. Our data indicate that b-serine enters the glycolytic 
pathway at a point intermediate between pyruvate and glycogen. 
In this connection, it has been shown (17) that glycerol-1 ,3-C", 
which enters glycolysis at the triose phosphate stage, produces in 
liver glycogen an isotope randomization (19°) resembling that 
of p-seirne-3-C™. 

Shown in Fig. 1 is a scheme by which glycogen synthesis from 
p-serine-3-C™ could occur without extensive randomization. 
Hydroxypyruvate, the initial product depicted, is known to be 
formed directly from p-serine in liver and kidney tissue (35, 36) at 
a slow rate. An enzyme(s) capable of reducing hydroxypyruvate 
to p-glycerate has thus far been detected only in plant tissues 
(39-41). Perhaps a similar enzyme, as yet undiscovered, exists 
in mammalian tissues. Meister (42) has shown that beef heart 
lactic dehydrogenase converts hydroxypyruvate to L-glycerate. 
Such a reaction followed by enzymatic racemization of L-glyc- 
erate might conceivably produce p-glycerate. Enzymatic 
racemization of other a-hydroxy acids has been reported (43-45). 
As a p-glycerate kinase has been detected in mammalian tissues 
(46), only the one reaction of the proposed scheme is of ques- 
tionable status insofar as the animal organism is concerned. 

A second possible mechanism for glycogen synthesis from 
p-serine by means of hydroxypyruvate is suggested by the ob- 
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Glycogen and by an appreciable randomization (19°) of isotope into carbon 
il 2. Similar randomizations (19 and 34%) have been observed 
il after the administration of glycerol-1 ,3-C™ to rats (17). It is 
‘| likely, therefore, that “carcass’’ L-serine was for the most part 
7 derived indirectly from p-serine-3-C™ by means of a glycolytic 
intermediate. This view supports our conclusion, stated earlier, 
COOH COOH we H : cian that little direct inversion of p-serine to L-serine occurs in vivo. 
n—O-NEe — C=0Q <=: H—C—OH = H—C—OH A further and surprising finding was that liver serine of Rat 6] 
contained but a trace of isotope (specific activity <10 mye per 
CH.OH CHLOH CHLOPO.H: mmole). By contrast, the liver serine of Rat 46 had a specific 
p-Serine p-Glycerate activity in excess of 1000 myc per mmole. 
z Isotope Excretion in Urine—Work on isotopic components in 
o the urine was restricted since micturition during the 3-hour ex. 
+ perimental period was invariably small. Amounts of urine suf- 
ficient for study were collected, however, from Rats 46 and 64. 
| A neutral amino acid fraction was isolated from each sample 
Pyruvate by means of ion exchange chromatography. As neither fraction 


Fic. 1. Possible mechanism of glycogen biosynthesis from p-serine 


servation, previously discussed, of Dickens and Williamson (33) 
that hydroxypyruvate and formaldehyde undergo a transketolase 
catalyzed reaction to form dihydroxyacetone and carbon dioxide. 
Such a reaction involving hydroxypyruvate-3-C™ should label 
hexose carbon 1 more extensively than carbon 6 (25, 26). As 
the reverse situation actually occurred, this process would seem 
at most to contribute in minor degree to glycogen synthesis from 
p-serine. 

The apparent stereoselective nature of glyconeogenesis in vivo 
from the isomeric forms of serine fits the general pattern of serine 
metabolism. Thus, Elwyn et al. (47) have observed that p- and 
L-serine differ appreciably as concerns their metabolic activities 
in liver slice systems. Furthermore, only the L-isomer partici- 
pates in a number of key biochemical reactions. These include 
(in addition to incorporation into proteins) transamination (37), 
cleavage to glycine and hydroxymethy!-5,6,7 ,8-tetrahydrofolic 
acid (48) and hence conversion to choline methyl groups (49), 
decarboxylation to ethanolamine (49), transformation to L- 
cysteine (50), incorporation into phosphatidy! serine (51), and, 
probably, conversion to sphingosine (52). 

Oxidation of pi-, p-, and L-Serine-3-C™ to v- and 
L-serine-3-C™ differed but little as to the extent of their con- 
version to expired C™O, during the 3-hour experimental period 
is evident from the C™O, excretion data in Table I. Only the 
L-serine-3-C™, however, suffered dilution in the body pool of 
amino acids. Therefore, a small quantity of p-serine-3-C™ might 
be expected to release during oxidation in vivo an amount of 
C40, equal to that derived oxidatively from a somewhat greater 
quantity of diluted L-serine-3-C™. The data thus suggest that 
the B-carbon atom of the L-isomer is oxidized in the rat to carbon 
dioxide at the faster rate, this despite its direct involvement in a 
multiplicity of competing nonoxidative reactions (37, 47-52). 

Incorporation of vi-, v-, and 1-Serine-3-C™ into Liver and 
“Carcass”’ Amino Acids— Degradation revealed isotope distribu- 
tion patterns in liver and “‘carcass’”’ glutamic acid of Rats 46 
(L-serine-3-C™ animal) and 61 (p-serine-3-C™ animal) very simi- 
lar to those reported earlier (53) for Rats 24 and 31 (p1-serine-3- 
C“ animals). These patterns support the view that both isomers 
of serine are metabolized to a 3-carbon intermediate, related to 
glycolysis, during conversion to glutamate. “Carcass” serine of 
Rat 61 differed in two respects from that of Rats 24, 31, and 46. 
It was characterized by a relatively low specific radioactivity 


contained significant quantities of isotope, the excretion of ad- 
ministered p- and L-serine-3-C™ was negligible. An acidic frae- 
tion, isolated from the urine of Rat 64, was found to have an 
isotope content corresponding to about 10°, of that in the ip- 
jected p-serine-3-C™. Further work is in progress to identify 
this acidic substance(s) which is a major metabolite of p-serine. 


SUMMARY 


Examination of isotope distribution patterns in liver and 
muscle glycogen of fed and fasted rats after the intraperitoneal 
administration of pL-, p-, and L-serine-3-C™ has revealed that 
the stereoisomers of serine are converted in vivo to glycogen by 
different processes. The data are compatible with the view that 
conversion to pyruvate initiates the process of glycogen synthesis 
from t-serine, and indicate that a glycolytic metabolite inter- 
mediate between pyruvate and glycogen is formed during glyco- 
neogenesis from p-serine. 

An acidic substance(s) excreted in the urine has been detected 
as a major metabolite of p-serine-3-C™. 


Acknowledgment— The authors wish to acknowledge the techni- 
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Although carnosine and anserine were recognized as con- 
stituents of muscle many years ago (3, 4), the physiological role 
of these compounds is not yet known, and until very recently, 
relatively little detailed information has been available concern- 
ing the mechanism of their biosynthesis. Studies on intact 
animals (5-9) and with tissue sections (10-12) have suggested 
that these peptides are synthesized from their component amino 
acids. The present studies were initiated in order to provide 
information concerning the enzymatic mechanism of carnosine 
and anserine synthesis. Such an understanding might be ex- 
pected to be of interest not only in terms of the formation of these 
particular peptides, but possibly also in relation to the general 
problem of peptide bond synthesis. In preliminary reports (1, 
2), we have described the synthesis of carnosine, anserine, and 
several related peptides in an isolated cell-free system consisting 
of their constituent free amino acids, adenosine 5’-triphosphate, 
magnesium ions, and an enzyme obtained from chick pectoral 
muscle. While our studies were in progress, Winnick and Win- 
nick (13) have reported synthesis of carnosine (and anserine) 
from f-alanine and t-histidine (and 1-methylhistidine) by a 
similar enzyme preparation. 

We have previously described the enzymatic synthesis of 
carnosine from histidine and §-alany! adenylate, and have sug- 
gested that this anhydride might be an intermediate in the bio- 
synthesis of carnosine (2). The present paper gives further 
details of our studies on carnosine and anserine synthesis, and 
provides new information which supports the belief that 6- 
alany! adenylate is an intermediate in the reaction. We also 
present here evidence for the enzymatic synthesis of several re- 
lated peptides, including -alanyl arginine, #-alanyl lysine, 
vy-aminobutyryl histidine, y-aminobutyryl lysine, y-amino- 
butyryl arginine, 6-alanyl 3-methylhistidine, ophidine (6-alanyl- 
2-methylhistidine), and others. 


EXPERIMENTAL 


Materials—1-Carnosine (14), the amino acy! adenylates (15), 
acetyl adenylate (16), phenylacety] adenylate (17), nitro-1- 
arginine (18), and 3-methy]-1-histidine (19) were prepared in this 
laboratory. Carnosinase was prepared as described by Hansen 
and Smith (20), and also was obtained from the Worthington 
Biochemicals Corporation. Pyrophosphatase was prepared from 
yeast as described by Heppel (21). Bovine pancreatic ribo- 
nuclease was obtained from Armour and Company. 


* We are indebted to the National Heart Institute of the Na- 
tional Institutes of Health, United States Public Health Service, 


p-Arginine was prepared from racemic arginine by selective 
destruction of the L-isomer with L-amino acid oxidase followed 
by isolation of the p-arginine as the hydrochloride by column 
chromatography. p-Histidine, p-lysine, pL-a-hydroxy-¢-amino- 
caproic acid, and pt-a,8-diaminopropionic acid were gifts from 
the late Dr. Jesse P. Greenstein. The p-amino acids contained 
less than 0.1° of the corresponding enantiomorphs (22). 1,2,4 
Triazole-3-pL-alanine (23), 2-pyridyl-3-pL-alanine (24), 2-thia- 
zole-3-pi-alanine (25), 2-imidazole-3-pr-alanine (26), and 
3-pyrazole-3-pL-alanine (27) were generously supplied by Dr. 
Cameron Ainsworth of the Lilly Research Laboratories. 6-2- 
Thieny!-3-pL-alanine and were 
donated by Dr. Floyd Dunn (28). We are indebted to Dr. 
Ryozo Hirohata for samples of 2-methy]-1-histidine and ophidine 
(29-31). 5-Hydroxylysine (iso- 
lated from gelatin) was donated by Dr. Bernhard Witkop, and 
the L-histidinol was a gift from Dr. Herbert Tabor. 

B-Alanine-1-C™ and y-aminobutyric acid-1-C™ were obtained 
from the New England Nuclear Corporation. p1t-Histidine-2- 
C™ was obtained from Tracer Laboratories, and t-lysine-R-C" 
was purchased from Schwarz Laboratories. p1i-Anserine, pI- 
histidyl-pL-histidine, p1-6-aminobutyric acid, 8-aminoisobutyric 
acid, and 8-2-thienyl-3-pL-serine were obtained from the Nutri- 
tional Biochemicals Corporation. 1-Methyl-p1-histidine, 2 
thiol-L-histidine, L-canavanine sulfate, L-a,y-diaminobutyric 
acid hydrochloride, y-aminobutyric acid, a@,¢-diaminopimelie 
acid, €-aminocaproic acid, cadaverine, putrescine, agmatine, and 
6-aminovaleric acid were obtained from Mann Research Lab 
oratories. Spermine and histamine were obtained from Hoff- 
mann-La Roche, Inc. Crystalline adenosine 5’-triphosphate, 
the other nucleotides, coenzyme A, 6-aminolevulinic acid, and 
L-a-aminobutyric acid were purchased from the Sigma Chemical 
Company. The common natural amino acids were obtained 
from Schwarz Laboratories and from Nutritional Biochemicals 
Corporation. The Camino acids, and the various amino acid, 
amine, and peptide preparations were characterized by paper 
chromatography in several solvents. Radioactive pyrophos 
phate was obtained from the New England Nuclear Corporation, 
and was purified and characterized by chromatography (32). 
Adenosine 5’-phosphoramidate was prepared according to 
Chambers et al. (33). 

Enzyme Preparation—Preliminary studies revealed that the 
pectoral muscles of 12- to 13-day-old chicks vielded more active 
preparations of the enzyme than did those of older or younger 
animals. Fresh pectoral muscle was quickly chilled in ice and 
homogenized in a Waring Blendor for 1 minute in 8 volumes of 


and to the National Science Foundation for their support. Pre- ' / 
liminary reports of this work have appeared (1, 2). a solution containing 0.65 m sodium chloride and 0.04 m potassium 
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bicarbonate. The homogenate was centrifuged at 0° at 600 « g 
for 10 minutes. The supernatant solution was treated with 
absolute ethanol (previously cooled to —10°), which was added 
rapidly with stirring to a final concentration of 18% ethanol. 
After 15 minutes at —8° the precipitate was removed by cen- 
trifugation and the ethanol concentration of the supernatant 
solution was increased by addition of cold absolute ethanol to a 
final concentration of 45°. After 15 minutes at —15° the 
precipitate was removed by centrifugation, dissolved in the 
minimal quantity of cold water, and lyophilized. The final 
preparation, which served as a convenient source of enzyme for 
the experiments reported here, contained approximately 80% of 
the total original activity, and the specific activity of the lyo- 
philized powder was approximately 20 times that of the original 
muscle preparation. The lyophilized powder lost approximately 
25°, of its initial activity when stored at —10° for 1 month. 
We observed a 15 to 30° variation in the activity of enzyme 
preparations obtained from different groups of animals. 

Determination of Peptide Formation—Reaction mixtures con- 
taining enzyme preparation and substrates (as indicated below) 
in a final volume of 1 ml were incubated at 37° for specific in- 
tervals of time and then treated with 0.5 volume of ethanol and 
heated in a boiling water bath for 1 minute. Aliquots of ap- 
propriate size were spotted on strips (1.5 « 42 cm) of Whatman 
No. 3 paper, and ascending chromatography was carried out. 
The following solvent systems were employed: a, Ethanol, acetic 
acid, water (78:5:17); 6, phenol, water (80:20) saturated with 
6 N hydrochloric acid; c, n-butanol, formic acid, water (75:10: 
15). The Re X< 100 values for histidine, 8-alanine, and carnosine 
were, respectively: solvent a, 18, 46, 21; solvent b, 19, 42, 31; 
solvent c, 8, 29, 12. In certain experiments, solvents consisting 
of d, pyridine-water (80:20), and e, tertiary butanol-methylethyl 
ketone-water-diethylamine (440:40:20:4) (34) were employed. 
After chromatography, the dried strips were cut horizontally at 
5 mm distances and the sections were counted in an automatic 
gas flow counter with use of a correction factor for self-absorp- 
tion. In several experiments, the sections were eluted with 
water and the eluates plated and counted. The results of such 
determinations were identical with those carried out on the paper 
sections. 

Enzymatically synthesized carnosine was identified by chroma- 
tographie and paper ionophoretic comparison with authentic 
synthetic material. Further identification of the enzymatically 
synthesized carnosine was carried out as follows. The radioac- 
tive chromatographic bands corresponding to carnosine were 
eluted with water and the eluates were evaporated to dryness. 
The eluted material was hydrolyzed with 6 N hydrochloric acid 
at 115° for 2 hours; chromatography after hydrolysis gave the 
corresponding (either B-alanine-C™ or histidine-C™) radioactive 
amino acid starting materials. After hydrolysis no radioactivity 
was found in the area corresponding to carnosine. Analogous 
results were obtained with anserine and a number of the other 
enzymatic products; additional characterization of some of the 
other enzymatically synthesized peptides is described in a later 
section of this paper. 

The eluted radioactive carnosine was also hydrolyzed with 
earnosinase as follows. The eluted material was dissolved in 0.5 
ml of 0.1 Mm potassium phosphate buffer (pH 7.8). Manganese 
chloride (2 umoles) and 1 mg of carnosinase were added and the 
final volume was brought to 1 ml. After 2 hours at 37°, the re- 
action mixture was treated with ethanol as described above and 
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an aliquot was placed on a paper chromatogram as described. In 
addition to carnosine and anserine, carnosinase also hydrolyzed 
B-alanyl lysine, y-aminobutyry] histidine, and 8-alany! arginine; 
as hydrolysis proceeded more slowly with the last mentioned 
peptide 2 mg of carnosinase were employed for its enzymatic 
hydrolysis. Hansen and Smith (20) reported that p-carnosine is 
markedly resistant to hydrolysis by carnosinase, which hy- 
drolyzes several other peptides of histidine, such as glycyl-1- 
histidine and L-alany!-L-histidine. 

In several instances (carnosine, anserine, ophidine, §-alany] 
8-2-thienylalanine) crystalline samples of peptides were available 
for chromatographic comparisons. Standards for many of the 
other peptides were prepared by reaction of amino acy! adenylates 
with an excess of the appropriate amino acid. For example, 
B-alany! adenylate (3 wmoles) with histidine (5 wmoles) in 0.5 ml 
of 0.1 mM 2-amino-2-(hydroxymethy])-1 ,3-propanediol-HC1 buffer 
at pH 7.8 for 1 hour at 37° gave carnosine in approximately 10% 
yield. This procedure gave products whose Rp values agreed 
closely with the crystalline standards available here, and has also 
been employed successfully, as reported previously (15), for 
formation of small amounts of other peptides. Attempts are in 
progress to improve the method, which may have general value. 

Paper ionophoresis of the enzymatically synthesized peptides 
was carried out with the apparatus of Markham and Smith (35). 
The radioactive peptides were separated from the free radioactive 
amino acids by paper chromatography; after elution from the 
chromatograms they were placed on a strip of Whatman No. 3 
paper and ionophoresis was carried out at 0° in 0.01 mM 2-amino-2- 
(hydroxymethy])-1 ,3-propanediol-HCl buffer (pH 8.0) at 30 
volts per em for 2 hours. Under these conditions, carnosine, 
8-alanyl lysine, B-alanyl arginine, y-aminobutyry! histidine, 
y-aminobutyry! lysine, y-aminobutyry! arginine moved, respec- 
tively, 4.0, 12.0, 11.5, 4.5, 10.0, and 10.5 em in the direction of 
the cathode. 

The enzymatically synthesized peptides were treated with 
1-fluoro-2 , 4-dinitrobenzene (36) as follows. The peptides (after 
isolation and separation from the free amino acids by paper 
chromatography) were mixed with 0.4 g of sodium bicarbonate, 
5 ml of ethanol, and 0.2 ml of 1-fluoro-2,4-dinitrobenzene, and 
the mixture was shaken in the dark at 24° for 2 hours. The 
excess reagent was extracted with ether and the aqueous solution 
was brought to 8 ml and made 4 Nn with respect to hydrochloric 
acid, and then heated at 105° for 10 hours. The hydrolysates 
were extracted with ether and both the ethereal and aqueous 
solutions were evaporated under reduced pressure to dryness. 
The residual material was counted and also chromatographed 
with solvent a, a solvent consisting of n-butanol, acetic acid, 
water (4:1:5), and a solvent consisting of collidine saturated 
with water. Chromatography was carried out with standards 
consisting of authentic samples of the 2,4-dinitropheny! deriva- 
tives. Imidazole-N-2,4-dinitropheny]-histidine was prepared by 
treating carnosine with 1-fluoro-2,4-dinitrobenzene followed by 
acid hydrolysis. a-N-2,4-Dinitrophenyl-lysine was prepared 
from ¢-N-carbobenzoxy-lysine followed by hydrogenolysis. ¢-N- 
2,4-Dinitrophenyl-lysine was prepared by treating a-N-acetyl- 
lysine with the reagent followed by hydrolysis. 

The formation of ATP from amino acyl adenylates and P*- 
pyrophosphate was determined as described (37, 38). 


RESULTS 


Requirements for Enzymatic Synthesis of Carnosine—The puri- 
fied enzyme preparation obtained from chick pectoral muscle 
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Tasie I 
Requirements for enzymatic synthesis of carnosine*:” 


Reaction mixtures Carnosine formed 


cpm. 

Complete system (A) 52,400 
MgCl, omitted... 580 
ATP | 600 
L-Histidine omitted ............. 6,750 
Enzyme omitted... 200 
Complete system (B) 22,400 
8-Alanine omitted. 200 


* The complete system (A) consisted of L-histidine (3 ymoles), 
ATP (3 uwmoles), MgCl. (3 wmoles), enzyme preparation (8.5 mg), 
8-alanine-1-C'* (0.24 wmole; 260,000 c.p.m.), and 2-amino-2-(hy- 
droxymethy])-1,3-propanediol-HCl1 buffer (pH 7.3; 50 wmoles) in 
a final volume of 1 ml; incubated at 37° for 1 hour. 

’ The complete system (B) was the same as (A) except that 
unlabeled 8-alanine (3 wmoles) and pi-histidine-2-C™ (0.8 ymole; 
420,000 c.p.m.) were employed; incubated for 15 minutes. 


20} 
A 


CARNOSINE FORMED (juMOLES) 


2. 


B 
5 3 5 8 
L- HISTIDINE («MOLES) 


Fic. 1A. Effect of 8-alanine concentration on carnosine syn- 
thesis. The reaction mixtures contained enzyme preparation 
(8.5 mg), MgCl. (3 wmoles), L-histidine (3 wmoles), 8-alanine-1-C™ 
(260,000 ¢.p.m.) plus unlabeled 8-alanine as indicated, ATP (3 
and 
buffer (pH 7.3; 50 wmoles) in a final volume of 1 ml; incubated for 
60 minutes at 37°. 

B. Effect of L-histidine concentration on carnosine synthesis. 
The reaction mixtures contained enzyme preparation (8.5 mg), 
MgCl. (3 wmoles), 8-alanine-1-C' (260,000 ¢.p.m.; 0.24 umole), 
L-histidine, ATP (3 wmoles), and 2-amino-2-(hydroxymethyl)- 
1,3-propanediol-HCl buffer (pH 7.3; 50 wmoles) in a final volume 
of 1 ml; incubated for 60 minutes at 37°. 


catalyzed the synthesis of carnosine when incubated in a system 
containing L-histidine, 8-alanine, magnesium chloride, and ATP 
(Table I). Radioactivity appeared in the carnosine area of paper 
chromatograms when either C™-@-alanine or C™-histidine was 
employed. Carnosine was identified by paper chromatography 
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with several solvents and by paper ionophoresis as described 
above. Hydrolysis of the eluted peptide with hydrochloric acid 
or with carnosinase gave the corresponding C'-starting material, 
Treatment of the isolated peptide with 1-fluoro-2,4-dinitro- 
benzene followed by acid hydrolysis as described above gave 
radioactive 2 ,4-dinitropheny!-6-alanine or radioactive imidazole- 
N-2,4-dinitropheny]-histidine, respectively, when C'™-@-alanine 
or C'-histidine were employed. 

Separate omission of each of the components of the system 
resulted in markedly reduced formation of carnosine (Table J), 
When histidine was omitted, somewhat more radioactivity ap- 
peared in the carnosine area than when the other components of 
the system were omitted; the amount of radioactivity that ap- 
peared in the absence of added histidine varied somewhat with 
different preparations of enzyme, and may probably be ascribed 
to the presence of histidine in the enzyme preparation. The 
synthesis of carnosine was found to proceed in essentially linear 
fashion for about 60 to 90 minutes under these conditions. 
Studies in which the concentrations of magnesium chloride and 
ATP were varied indicated that the synthesis of carnosine in- 
creased with increasing concentrations of these components. 
With magnesium chloride a plateau was reached between 2 and 
6 wmoles per ml, whereas with ATP a similar plateau was ob- 
served in experiments in which the concentration was varied 
from 0.2 to 8 wmoles per ml. It was found that the enzyme 
preparation contained significant ATPase and myokinase ac- 
tivity, so that these values for the optimal concentrations of 
ATP and magnesium chloride may not reflect the true optimal 
values for the carnosine-synthesizing system. However, in ae- 
cordance with these results, the present experiments were carried 
out with 3 wmoles each of magnesium chloride and ATP per ml. 
Substitution of magnesium chloride by equimolar concentrations 
of manganese chloride or by cobalt chloride gave less than 10% 
of the activity observed with magnesium chloride. Similarly, 
replacement of ATP by guanosine 5’-triphosphate, cytidine 5’- 
triphosphate, inosine 5’-triphosphate, or uridine 5’-triphosphate 
gave less than 10°; of the activity. Although adenosine 5’- 
diphosphate was approximately 60°; as active as ATP in this 
system, this result is tentatively considered to be due to the 
presence of myokinase activity. 

As indicated in Fig. 1, optimal synthesis of carnosine was ob- 
served with concentrations of L-histidine greater than 0.5 umole 
per ml; a concentration of approximately 0.04 umole per ml was 
required for half-maximal carnosine synthesis. The effect of 
B-alanine concentration on carnosine synthesis is also described 
in Fig. 1; the rate of synthesis did not reach a plateau with 11 
pmoles of B-alanine per ml under these conditions, and it there- 
fore appears that the affinity of the system for B-alanine is some- 
what lower than for L-histidine. Studies with 1-methylhistidine 
indicated that the qualitative and quantitative requirements for 
peptide synthesis were similar to those observed with histidine. 

The effect of pH on the synthesis of peptides from 6-alanine 
and L-histidine, 3-methyl-.-histidine, and 1-methyl-pt-histidine 
is described in Fig. 2. In each instance the optimal pH was ap 
proximately 7.3. The results with 1-methylhistidine differ from 
those with histidine and with 3-methylhistidine in that there was 
less reduction of synthesis at values of pH lower than 7. Thus, 


peptide formation was more rapid with histidine than with |} 


methylhistidine or 3-methylhistidine at pH 7.3, but was con 
siderably more rapid with l-methylhistidine at pH values below 
7. A possible explanation of these findings is discussed below. 
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In the course of these studies, it was observed that carnosine 
synthesis was more rapid in 2-amino-2-(hydroxymetiy])-1 ,3- 
propanediol-HC1 buffer than in potassium phosphate buffer of 
the same pH (7.3). It was subsequently found that phosphate 
as well as pyrophosphate inhibited carnosine synthesis under the 
conditions described in Table I. Earlier (1, 2) it was found that 
potassium chloride produced marked stimulation of carnosine 
synthesis when phosphate buffers were employed. For example, 
a 1.5- to 2-fold increase in the rate of carnosine synthesis was 
observed when 0.15 mM potassium chloride was employed; how- 
ever, lower concentrations (less than 0.05 m) of potassium chloride 
had relatively little activating effect. Ammonium chloride and 
sodium chloride exhibited no such activating effect even at con- 
centrations of 0.2 mM. Potassium chloride did not increase car- 
nosine synthesis in 2-amino-2-(hydroxymethy])-1 ,3-propanediol- 
HCl buffer. Addition of ribonuclease (5 wg per ml of reaction 
mixture) or of coenzyme A (2 ywmoles per ml) did not affect 
carnosine synthesis. On the other hand, addition of pyrophos- 
phatase (50 wg per ml) produced 15 to 30% activation of car- 
nosine synthesis; added pyrophosphatase appeared to produce a 
greater effect in experiments carried out for longer periods of 
time. These studies, which were consistent with the belief that 
the synthesis of carnosine involves activation of 8-alanine to 
vield B-alanyl adenylate and pyrophosphate, suggested the ex- 
periments described below. 

Synthesis of Carnosine from B-Alanyl Adenylate and Histidine— 
Incubation of the enzyme preparation with B-alany! adenylate 
and pt-histidine resulted in carnosine synthesis at a rate which 
was of the same order of magnitude as that observed with 6- 
alanine, histidine, and ATP (Table I1). Incubation of B-alanyl 
adenylate with p1t-histidine in the absence of enzyme (or in the 
presence of enzyme inactivated by heat treatment), led to some 
carnosine formation. However, only about 50°; of the carnosine 
formed nonenzymatically was hydrolyzed by carnosinase, 
whereas 82.5°, of the carnosine synthesized from @-alanyl 
adenylate and histidine in the presence of enzyme was hydrolyzed 
by carnosinase (Table I1). The product obtained with 8-alany! 
adenylate and pt-histidine in the presence of enzyme is pre- 
dominantly L-carnosine; the findings therefore indicate an en- 
zymatic synthesis. It is of interest that synthesis from 8-alany! 


40F 


PEPTIDE FORMED (mu MOLES) 


Fig. 2. pH-Dependence of the enzymatic synthesis of carnosine, 
anserine, and 8-alanyl-3-methylhistidine. The reaction mixtures 
contained enzyme preparation (8.5 mg), MgCl. (3 wmoles), 8- 
alanine-1-C'* (0.24 wmole; 260,000 ¢.p.m.), ATP (3 wmoles), and 
Curve 1, 1-methyl-pt-histidine (6 wmoles); Curve 2, L-histidine 
(3 umoles), and Curve 3, (3 wmoles), and 
2-amino-2-(hydroxymethyl)-1,3-propanediol-HCl buffer (50 
amoles) in a final volume of 1 ml; incubated for 60 minutes at 37°. 
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Tas_e Il 
Synthesis of carnosine from B-alanyl adenylate and histidine* 
. | Hydrolyzed 
eaction mixtures | 
mumoles | % 
Enzyme + 8-alanyl adenylate + histidine® 35.7 | 82.5 
Enzyme* + 8-alanyl adenylate + histidines 12.2 
8-Alanyl adenylate + histidines......... | 10.9 | 51.5 
Enzyme + §-alanine + ATP + histidine*... 42.7 | 97.5 


* The reaction mixtures contained the indicated components 
in the following amounts: enzyme preparation (8.5 mg), DL-histi- 
dine-2-C™ (420,000 ¢.p.m.; 0.8 wmole), 8-alanyl adenylate (2.5 
pmoles), 8-alanine (3 umoles), ATP (3 wmoles), MgCl. (3 uwmoles), 
and 2-amino-2-(hydroxymethyl)-1,3-propanediol-HCl buffer (50 
pmoles); pH 7.3); incubated for 15 minutes at 37°. 

®’ The carnosine was eluted from the paper chromatograms and 
treated with carnosinase as described in the experimental section. 

* Identical results were obtained in the presence and absence 
of added MgCl. 

4 The enzyme was heated at 100° for 5 minutes. 

* No carnosine was formed in the absence of added MgCl:. 
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Fig. 3. Synthesis of carnosine from 8-alanyl adenylate and 
histidine. The reaction mixtures consisted of enzyme preparation 
(8.5 mg), 8-alanyl adenylate (5.2 uwmoles), pi-histidine-2-C™ (0.8 
umole; 420,000 e¢.p.m.), and 2-amino-2-(hydroxymethyl)-1,3- 
propanediol-HCl buffer (pH 7.4; 150 uwmoles) in a final volume of 
Iml. Ineubated at 37°. A, Disappearance of B-alanyl adenylate; 
B, formation of carnosine; Curves 1, enzyme present; Curves 2, 
enzyme omitted. 


adenylate and histidine did not require magnesium ions. The 
time course of the synthesis of carnosine from B-alanyl adenylate 
and histidine is described in Fig. 3. The rate in the presence of 
the amount of enzyme chosen for these studies was approximately 
3 times that of the nonenzymatic rate. 8-Alanyl adenylate dis- 
appeared much more rapidly in the presence of the enzyme and 
it is apparent that only a small fraction of the added anhydride 
was utilized for peptide synthesis." 


'An additional radioactive compound, which moved more 
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III 
Effect of phosphate on synthesis of carnosine* 
Reaction mixtures 
myumoles 
I C'*._g-Alanine + ATP + MgCl, + histidine + 23.9 
A buffer? 
C'*.g-Alanine + ATP + MgCl, + histidine + 7.62 
P buffer? 
2 8-Alanyl adenylate + C'*-histidine + A Buf- 35.8 
fer® 
8-Alanyl adenylate + C'*histidine + P Buf- 33.7 
fer® 


The reaction mixtures contained enzyme preparation (8.5 
mg) and the indicated components in the following amounts: 
B-alanine-1-C™ (0.12 wmole; 260,000 e.p.m.), ATP (3 ywmoles), 
MgCl, (3 umoles), L-histidine (3 wmoles), 8-alanyl adenylate (2.5 
pmoles), pL-histidine-2-C™ (0.8 umole; 240,000 c.p.m.) and potas- 
sium phosphate or 2-amino-2-(hydroxymethy])-1,3-propanediol - 
HCl buffer (pH 7.3; 50 wmoles) in a final volume of 1 ml; incubated 
at 37° for 60 minutes (Experiment 1), or 15 minutes (Experiment 
2). 

buffer, 
buffer; P buffer, potassium phosphate buffer. 


Taste IV 


Enzymatic synthesis of ATP from B-alanyl adenylate and other 
acyl adenylates* 


Amino acy] adenylate ATP formed 
mpmoles 
B-Alanyl adenylate®............... data’ 0.26 
8-Alanyl adenylate*.................... 1.31 
p-Alanyl adenylate’.................... 1.95 
L-Alanyl adenylate... 2.00 
y-Aminobutyry] adenylate. . 17.2 
L-a-Aminobutyryl adenylate. | 6.31 
Glycyl adenylate. . 37.1 
L-Tryptophanyl adenylate. 1.18 


L-Phenylalanyl adenylate............... 9 
1 
L-Asparaginyl adenylate................. 0 
a-Aminoisobutyryl adenylate............ 0. 
Phenylacetyl adenylate................. 2 
Adenosine 5’-phosphoramidate.......... 1 


° The reaction mixtures contained enzyme (8.5 mg), MgCl, 
(2 pmoles), NaF (3 wmoles), amino acyl adenylate (4 wmoles), 
P*-sodium pyrophosphate (1 wmole; 61,000 c.p.m.), and 2-amino- 
2-(hydroxymethyl)-1,3-propanediol-HCl buffer (pH 7.3; 100 
p»moles) in a final volume of 1 ml; incubated for 15 minutes at 37°. 

Enzyme omitted. 

¢ NaF omitted. 

4 MgCl, omitted. 


As indicated in Table III, although phosphate inhibited the 
synthesis of carnosine from #-alanine, histidine, and ATP, no 


rapidly (Rr, 0.45 in solvent 6) than carnosine (Rp, 0.31), was 
formed in the nonenzymatic experiments; the nature of this prod- 
uct is being investigated. This compound was not formed in the 
presence of enzyme. 
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such inhibition of the synthesis of carnosine was observed with 
B-alany! adenylate and histidine. If 6-alany] adenylate is in- 
deed an intermediate in the synthesis of carnosine, it would ap- 
pear that phosphate inhibits its formation rather than its sub- 
sequent reaction with histidine. 

Synthesis of ATP from B-Alanyl Adenylate and Pyrophosphate— 
Initial attempts to show ATP synthesis from 8-alany] adenylate 
and pyrophosphate with the chick pectoral muscle system failed, 
probably because of the presence of enzyme systems (e.g. AT Pase) 
capable of destroying ATP. However, when 0.003 m sodium 
fluoride was added to the reaction mixture, ATP synthesis could 
be demonstrated. As described in Table IV, significant ATP 
synthesis occurred when the enzyme was incubated with pyro- 
phosphate, magnesium ions, sodium fluoride, and §-alany| 
adenylate. Omission of enzyme, magnesium chloride, or of 
sodium fluoride gave values that were very much lower. ATP 
synthesis was observed also with several other acyl adenylates 
including y-aminobutyry! adenylate and glycyl adenylate. 
though glycy! adenylate was more active than most of the other 
acyl adenylates, there was some variability in the amount of 
ATP formed with this anhydride depending apparently on the 
rate of initial mixing and perhaps also on other factors. It is 
evident that these anhydrides are destroyed rapidly in this sys- 
tem, and that ATP synthesis is only one of several reactions in 
which they participate under these conditions (15, 38, 39). Syn- 
thesis of ATP observed with glycyl adenylate, t-phenylalany] 
adenylate, and certain other acyl adenylates may be catalyzed 
by other enzymes present in the preparation, or may occur be- 
cause of low specificity of a B-alanine-activating enzyme in the 
direction of ATP synthesis as has been observed previously with 
tryptophan-activating enzyme (38, 40, 41). It is noteworthy 
that synthesis of ATP from §-alanyl adenylate was invariably 
high in a number of different experiments, and that appreciable 
quantities of ATP were also formed with y-aminobutyry] adenyl- 
ate. Attempts to show §-alanyl hydroxamate synthesis from 
B-alanine, ATP, and hydroxylamine, and to demonstrate £- 
alanine-dependent ATP-pyrophosphate exchange have not yet 
been successful, but further work with more purified enzyme 
preparations is in progress. 

Evidence for Synthesis of B-Alanyl-, y-Aminobutyryl-, and Re- 
lated Peptides—Substitution of t-histidine by certain histidine 
analogues, histidine derivatives, and other amino acids in the 
system containing C™-6-alanine described in Table I led to the 
formation of new compounds (Table V). No products were 
formed when ATP was omitted. As indicated in Table V, not 
only 1-methylhistidine, but also 2-methylhistidine and 3-methyl- 
histidine gave products which appear to be anserine, ophidine, 
and 3-methylearnosine, respectively. 1,2,4-Triazole alanine 
and 2-imidazole alanine were also active in this system whereas 
several other histidine analogues as well as p-histidine did not 
give products as noted in the table. 

It is of particular interest that products were formed with 
L-arginine, L-ornithine, and L-lysine. p-Lysine and p-arginine 
were inactive. Although L-canavanine was active, agmatine and 
nitro-L-arginine were not. Initial studies indicted that citrulline 
was active in this system; however, commercial samples of 
citrulline freed from traces of ornithine by large scale paper 
chromatography, were not active. Both histidy] histidine and 
histidine methy] ester were hydrolyzed to histidine in the presence 
of the enzyme preparation; the product obtained with histidyl 
histidine exhibited an R, value identical to that of carnosine. 
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No products were observed when histidinol, cadaverine, pu- 
trescine, spermine, tyrosine, phenylalanine, and aspartic acid 
were incubated under the conditions described in Table V. The 
inactivity of these amines and amino acids is not unequivocal, 
however, because standards were not available and the possibility 
exists that they fortuitously overlapped C'*@-alanine in the 
chromatographic systems employed. 


TaBLe V 
Synthesis of several B-alanyl peptides 
Amino acid or amine Rr X 100° Product 
mymoles 
22° 15.8 
27° 21.5 
21 14.4 
2-Imidazole-3-pL-alanine............ ll¢ 18.4 
27° 7.80 
58° 2.04 
21° 28.4 
42° 2.50 
3-Pyrazole-3-pL-alanine............ 32¢ 0 
| 42¢ 0 
0 
| 21 12.4 
acid... 61° 5.41 
pL-a-Hydroxy-e-aminocaproic acid. . 36° 0 
a,«-Diaminopimelic acid*........... 21 6.12 
L-a,y-Diaminobutyriec acid.......... 38° 4.59 
pL-a,8-Diaininopropionic acid....... | 36° 2.29 
30° | 0 
L-Citrulline*.......... 32¢ | 0 
| 40° | 0 


* The reaction mixtures contained enzyme preparation (8.5 
mg), ATP (3 wmoles), MgCl, (3 wmoles), 8-alanine-1-C'* (0.18 
smole; 260,000 ¢.p.m.), amino acid or amine as indicated in the 
table (2 wmoles; pt forms, 4 wmoles), and 2-amino-2-(hydroxy- 
methyl)-1,3-propanediol-HCl buffer (pH 7.3; 50 wmoles) in a final 
volume of 1 ml; incubated at 37° for 60 minutes. No products 
were formed when either ATP or MgCl, was omitted. 

* Ry value X 100 of C'*-product or of chromatographic stand- 
ard compound, or both; solvent a. 

‘Standards available for chromatographic comparison. 

4 Histidy! histidine was hydrolyzed in the presence of the en- 
zyme preparation to yield histidine. 

*Ry X 100 in solvent d. 

‘ Additional evidence for the formation of 8-alanyl arginine 
and 8-alanyl lysine is given in the text (see also Table VIII). 
The product formed with arginine (Rp, 0.31) was distinguished 
from carnosine (Rr, 0.23) in solvent e. 

*85% 15% v-allo form. 

* Mixture of the 3 isomers; 2 wmoles used. 

‘Purified by paper chromatography in order to remove con- 
taminating ornithine. 
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Taste VI 
Synthesis of several peptides of histidine* 
Amino Acid x 100° Product 
(mymoles) 
pL-8-Aminobutyric acid........... 31 35.0 
8-Aminoisobutyric acid.......... 31 22.2 
y-Aminobutyriec acid.............. 31 41.3 
6-Aminovaleric acid.............. 43 15.0 
«-Aminocaproic acid............. 49 17.9 
L-a-Aminobutyric acid............ 40° 0 
L-a,y-Diaminobutyric acid........ 31 20.6 
DL-a ,8-Diaminopropionie acid... .. 31 7.85 


* The reaction mixtures contained enzyme preparation (8.5 
mg), ATP (3 wmoles), MgCl, (3 wmoles), pu-histidine-2-C™ (0.8 
umole; 420,000 ¢.p.m.), amino acid as indicated (3 uwmoles; pL- 
forms, 6 wmoles) and 2-amino-2-(hydroxymethy])-1,3-propane- 
diol-HCl buffer (pH 7.3; 50 wmoles) in a final volume of 1 ml; 
incubated at 37° for 60 minutes. No products were formed when 
either ATP or MgCl, was omitted. 

° Ry X 100 in solvent b. 

¢ Standards available for chromatographic comparison. 


Substitution of other amino acids for B-alanine in the carnosine 
synthesizing system gave the findings summarized in Table VI. 
When §-alanine was replaced by 8-aminobutyric acid, B-amino- 
isobutyric acid. y-aminobutyric acid, é6-aminovaleric acid, 
aminocaproic acid, a,y-diaminobutyrie acid, and a ,8-diamino- 
propionic acid, radioactive products were formed. The Rp values 
of these products were similar or identical to that of carnosine. 
Formation of these products did not occur when either ATP or 
magnesium chloride was omitted. In the case of the product 
formed with y-aminobutyric acid, further studies were carried 
out which support the conclusion that the enzymatic synthesis of 
y-aminobutyry! histidine occurred (see below). On the basis of 
available evidence, we tentatively conclude that the products 
formed in the experiments with these 8- and w-amino acids are 
indeed amino acy] histidine peptides, and are therefore carnosine 
analogues. Under the conditions given in Table VI, no evidence 
was obtained for the formation of products with glycine, L- 
alanine, L-a-aminobutyric acid, L-aspartic acid, L-serine, taurine, 
or 6-aminolevulinic acid. 

As indicated in Table VII, incubation of radioactive y-amino- 
butyric acid with two histidine derivatives, lysine, ornithine, and 
arginine also gave products that appeared to be the corresponding 
y-aminobutyry! peptides. Again, no product was formed when 
either magnesium chloride or ATP was omitted. No evidence 
for product formation was obtained in this system with L-alanine, 
glycine, L-aspartic acid, or L-serine. The chromatographic be- 
havior of these peptides in the ethanol, acetic acid, water system 
is indicated in Table VII. The paper ionophoretic mobilities of 
the enzymatically formed products believed to be #-alanyl 
arginine, 8-alany! histidine, B-alany! lysine, and the correspond- 
ing y-aminobutyry! peptides are given in the experimental sec- 
tion. These six products were characterized further (after iso- 
lation by chromatography and ionophoresis) by reaction with 
1-fluoro-2 ,4-dinitrobenzene followed by acid hydrolysis as de- 
scribed in the experimental section. 

As indicated in Table VIII, radioactive 2 ,4-dinitropheny]-8- 
alanine was obtained from products that were formed by in- 
cubating C'™-@-alanine with t-histidine, L-arginine, or L-lysine. 
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Taste VII 
Synthesis of y-aminobutyryl peptides* 
Amino acid Product 
mymoles 
16.4 
L-Ornithine... 8.80 
| 24.3 
p-Histidine.... 0 
1-Methyl-pL- histidine . | | 11.3 
3-Methyl-L-histidine................ 6.60 
4.34 


L-Arginine. . 


* The reaction mixtures contained enzyme preparation (8.5 
mg), ATP (3 wmoles), MgCl, (3 wmoles), amino acid (3 wmoles; pL 
form, 6 wmoles), y-aminobutyric acid-1-C™ (0.3 80,000 
c.p.m.), and 
buffer (pH 7.3; 50 uwmoles) in a final volume of 1 ml; incubated at 
37° for 60 minutes. No products were formed when either ATP 
or MgCl. was omitted. The Ry values exhibited slight differ- 
ences, but were all within the range 30 to 35 in solvent a. 


Tasie VIII 
Recovery of 2,4-dinitrophenyl-C™-amino acids from enzymatically 
synthesized B-alanyl and y-aminobutyryl peptides of histidine, 
lysine, and arginine* 


Peptide | Recovery 2, -(DNP) 


co 
/O 


78 (DNP-6-alanine) 

75 (DNP--alanine) 

70 (DNP-8-alanine) 

72 (DNP-y-aminobutyric acid) 

65 (DNP-y-aminobutyric acid) 

77 (DNP-y-aminobutyrie acid) 

(Imidazole-N-DN P-histi- 
dine) 

90 (e-DNP-lysine) 

(Imidazole-N-DNP-histi- 
dine) 


B-Alanyl(C")-histidine 
6-Alanyl(C™)-lysine 
6-Alanyl(C"*)-arginine 
y-Aminobutyryl(C")-histidine 
y-Aminobutyryl(C") -lysine 
y-Aminobutyryl(C") -arginine 
8-Alany]-histidine(C™) 


8-Alanyl-lysine(C'*) 


. The experimental details a are given in the text. 


Similar results were obtained in analogous experiments with C™- 
y-aminobutyric acid and C™-histidine. Carnosine synthesized 
from B-alanine and C"-histidine gave radioactive imidazole-N- 
2,4-dinitrophenylhistidine). A similar product was obtained 
from the peptide believed to be y-aminobutyry! histidine. The 
enzymatic product obtained by incubating 6-alanine and C™- 
lysine, and that obtained by incubating y-aminobutyric acid 
with C™-lysine gave e-\-2,4-dinitrophenyl-lysine as the only 
radioactive product. This was separated and distinguished from 
the corresponding a@a-isomer and from di-2,4-dinitrophenyl-lvsine. 
The latter finding indicates that the €-amino group is free in these 
peptides, which are therefore presumably the corresponding a@- 
peptides. 

Although evidence for the formation of these @-alanyl and 
y-aminobutyry! peptides is not complete in every instance, we 
feel that the analogy to carnosine synthesis, dependence of syn- 
thesis on ATP and on magnesium ions, hydrolysis by carnosinase 
and by hydrochloric acid, the chromatographic and ionophoretic 


evidence, and the isolation of 2,4-dinitrophenyl amino acid 
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derivatives as described above, lends very strong support to our 
present conclusion that the products formed are peptides of the 
types indicated. 
DISCUSSION 

The suggestion that 8-alany! adenylate is an intermediate in 
carnosine synthesis is supported by the observations of enzymatic 
synthesis of carnosine from 8-alany! adenylate and histidine, and 
of ATP synthesis from S-alanyl adenylate and pyrophosphate. 
The evidence is consistent with the following scheme: 


+ ATP + 


(1) 
enzyme-#-alanyl adenylate + pyrophosphate 


Enzyme-s-alanyl adenylate + L-histidine 
AMP + enzyme + 8-alanyl-t-histidine (2) 


Reaction | is analogous to the activation of acetate (42) and a 
number of other carboxylic acids including a@-amino acids. The 
formation of tryptophanyl adenylate by the beef pancreas 
tryptophan-activating enzyme has been demonstrated by earlier 
studies (38, 40, 43). Presumably, the participation of 8-alanyl 
adenylate in the enzymatic reaction is due to formation of the 
enzyme-bound anhydride: 


8-Alanyl adenylate + enzyme enzyme-S-alanyl adenylate (3) 


A similar reaction with L-tryptophanyl adenylate has been 
studied in detail in this laboratory (38). Apparently, neither 
Reaction 2 nor Reaction 3 requires added magnesium ions. The 
synthesis of ATP observed in the present studies from glycyl 
adenylate and other acyl adenylates may be catalyzed by other 
enzymes in the muscle enzyme preparation. On the other hand, 
the synthesis of ATP from a-amino acyl adenylates and pyro- 
phosphate, even with purified tryptophan-activating enzyme, 
has been observed to exhibit a fairly low specificity (38, 40, 41), 
although detailed studies with the beef pancreas tryptophan- 
activating enzyme indicated that the affinity of the enzyme for 
L-tryptophany! adenylate is much greater than for other acyl 
adenylates (38). It is evident that further purification of this 
peptide-synthesizing enzyme will be needed in order to demon- 
strate directly the formation of enzyme-bound 6-alanyl adenyl- 
ate, and to study other points such as pyrophosphate formation 
and binding of the anhydride to the enzyme. Reaction 2 re- 
quires further examination; although added ribonuclease did not 
inhibit carnosine formation, an intermediate acceptor (ribo- 
nucleic acid or other) may exist, and participation of an addi- 
tional enzyme cannot be excluded. Although there is as yet no 
proof that amino acyl adenylates are intermediates in the syn- 
thesis of the peptide bonds of proteins, the present findings 
represent at least one instance in which an amino acyl! adenylate 
can participate in the enzymatic synthesis of a naturally occur- 
ring peptide. 

The remarkable difference between the pH-dependence curve 
for 1-methylhistidine, as compared to those for histidine and 
3-methylhistidine (Fig. 2) requires elucidation. Histidine and 
3-methylhistidine would be expected to be capable of intra- 
molecular hydrogen-bonding between ring nitrogen 1 and _ the 
a@-amino group (cf. (44)). Such interaction, if favored by hy- 
drogen ions, might render the amino groups of these compounds, 
in contrast to 1l-methylhistidine, less available for peptide bond 
formation at lower values of pH. 
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The apparent broad specificity of the chick muscle peptide- 
synthesizing system is of considerable interest? Although 
present data do not exclude the existence of more than one 
peptide-forming enzyme in the purified muscle fraction used 
here, the observed synthesis of such peptides os B-alanyl arginine, 
B-alany| lysine, and the several y-aminobutyryl peptides im- 
mediately raises the question as to whether 8-alany! peptides 
other than carnosine and anserine, or other w-amino acyl-amino 
acids, occur in muscle. The finding of ophidine, the 2-methyl 
derivative of carnosine, in the muscle of snakes (29-31) is of 
interest in this regard. The occurrence in biological materials 
of B-alanyl- and +y-aminobutyryl-peptides of natural amino 
acids such as lysine, arginine, ornithine, and 3-methylhistidine 
(19) is currently being investigated. It will be of interest also 
to learn whether administered histidine analogues are incorpo- 
rated into B-alanyl peptides. Study of these and related prob- 
lems may shed light on the physiological functions of this class 
of peptides. 


SUMMARY 


|. The enzymatic synthesis of carnosine by a purified chick 
pectoral muscle preparation was found to require adenosine tri- 
phosphate, Mg** ions, t-histidine, and @-alanine. The effect of 
varying the concentrations of these components, the specificity 
of adenosine triphosphate and Mg** ions, and the pH dependence 
of svnthesis were investigated. 

2. Enzymatic synthesis of carnosine from B-alany! adenylate 
and C™-pt-histidine was observed. Some carnosine was formed 
from these compounds in the absence of enzyme; such carnosine 
was racemic, whereas carnosine formed in the presence of enzyme 
was predominantly of the L-configuration. 

3. The enzyme preparation catalyzed adenosine triphosphate 
synthesis from 8-alanyl adenylate (and to a lesser extent from 
certain other acyl adenylates) and pyrophosphate. 

4. The enzyme preparation catalyzed synthesis of new prod- 


? While this manuscript was in preparation, there came to our 
attention a paper by Winnick and Winnick (45) which reports 
enzymatic synthesis of peptides from C'*-g-alanine and homohis- 
tidine, l-ethylhistidine, histidyl histidine, histidine methyl ester, 
and to a smaller extent from histamine, 3-pyrazole alanine, and 
2-thiazole alanine. Assays (semiquantitative) were carried out 
by counting the ‘“‘dipeptide region’’ of chromatograms, or by 
counting residual radioactivity after destruction of free radio- 
active a-amino acids with ninhydrin (13, 45). In the present 
studies, none of the corresponding peptides was found when C'!*- 
8-alanine was incubated with pyrazole alanine, thiazole alanine, 
or histamine; in these experiments small amounts of radioactivity 
were found in the carnosine area (which we believe to be due to 
the presence of traces of L-histidine in the enzyme preparation), 
but none was found in positions of chromatograms that corre- 
sponded to these peptides. In the absence of information con- 
cerning chromatographic identification, we tentatively suggest 
that the reported (45) formation of peptides may represent syn- 
thesis of carnosine rather than of products containing thiazole 
alanine, histamine, and pyrazole alanine. Similarly, the apparent 
activity of histidyl histidine observed by Winnick and Winnick 
(45) may probably be ascribed to carnosine formed from histidine 
liberated by hydrolysis from histidy! histidine, rather than to the 
synthesis of a tripeptide as assumed by these workers; analogous 
conclusions may be drawn regarding the results with histidine 
methyv! ester, which we found to be hydrolyzed to free histidine 
in the course of incubation. We are in essential agreement with 
Winnick and Winnick (13) concerning the basic requirements of 
the system, and the effects of varying the concentrations of the 
components; the differences in the observations on the effect of 
pH remain to be explained. 
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ucts when @-alanine was replaced by y-aminobutyric acid or by 
one of six other 8- or w-amino acids. Products were also formed 
when histidine was replaced by certain histidine derivatives and 
analogues, or by certain other amino acids. The evidence in- 
dicates synthesis of I-methylhistidine (anserine), 8- 
alanyl-2-methylhistidine (ophidine), 8-alanyl 3-methylhistidine, 
3-alany! 2-imidazole-3-alanine, 3-alany! 1 ,2,4-triazole-3-alanine, 
8-alanyl lysine, 8-alanyl ornithine, 8-alanyl arginine, 8-alany! 
5-hydroxylysine, several other @-alanyl peptides, and the y- 
aminobutyrylpeptides of histidine, lysine, ornithine, arginine, 
l-methylhistidine, and 3-methylhistidine. 

5. The evidence suggesting that enzyme-bound §-alanyl 
adenylate is an intermediate in the synthesis of B-alany! peptides 
is considered, and the significance of the broad specificity of the 
peptide-synthesizing enzyme system is discussed. 
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Solid and ascites tumors can and do utilize purines originating 
in the tissues of the host (1). The manner in which this trans- 
fer from host to tumor takes place is of interest, and it was sug- 
gested that the blood cells are involved in this process. The 
evidence on which this suggestion was based is the following: 
(a) the specific radioactivity of blood cell adenine rose to a high 
level very soon after the injection of adenine-8-C™ into mice, 
implying a rapid turnover of this component; (6) this high spe- 
cific activity was maintained for up to 9 days, suggesting, when 
taken with the above, that the blood cell supply of adenine was 
replenished from some tissue source; (c) plasma purines were 
very low in amount, a fact known for many years, and were low 
in specific radioactivity after the injection of adenine-8-C™. 

When these findings were presented earlier (1), it was tenta- 
tively suggested that interchange of purines may also occur 
among the normal tissues, mediated by the blood cells. The 
present paper presents further data in support of this concept. 
Since free purines are present in mouse tissues only in very small 
amounts (2), such transfer may occur in the form of nucleoside 
or nucleotide. The exact form is not known, and the term “‘pu- 
rine” or “adenine,” when used in this connection, includes these 
forms of the compound. 


METHODS 


Blood was collected from ether-anesthetized mice by opening 
the thorax, severing the vena cava and aorta, and removing the 
collected blood with a capillary pipette. Heparin was added to 
prevent coagulation. 

Adenine-8-C™ of specific activity 5.4 me per mmole was ob- 
tained from California Corporation for Biochemical Research, 
and uniformly labeled t-lysine-C™ of specific activity 7.7 me per 
mmole was purchased from Nuclear-Chicago Corporation, on 
allocation of the United States Atomic Energy Commission. 

To obtain acid-soluble adenine, tissues were homogenized in 
cold 0.2 m perchloric acid and washed to obtain the acid-soluble 
fraction. Purine nucleotides were hydrolyzed at 120° in an auto- 
clave for 45 minutes with 0.2 m perchloric acid. The purines 
were chromatographed on Dowex 50 columns, then on paper in 
an isoamy! alecohol-disodium phosphate system, and purine ra- 
dioactivities were determined either directly on circles cut from 
the paper chromatograms, or the purines were eluted, plated on 
aluminum planchets, and measured.! Unless otherwise stated, 
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all radioactivity measurements were made so that the 0.9 error 
was approximately 10%. The purine content was determined 
spectrophotometrically. Nucleic acid purines were prepared as 
described above for acid-soluble purines, after hydrolysis of the 
acid-insoluble fraction in 0.4 m perchloric acid for 30 minutes at 
100°. All protein samples were so extracted with hot acid and 
washed twice with acetone before their radioactivity was deter- 
mined. Further details of these procedures have been pre- 
sented elsewhere (3). 


RESULTS 


Transfer of purines from blood cells to tissues was demon- 
strated in the following manner. Blood cells of 15 male CAF1 
mice were made radioactive by the injection of 2 ug of uniformly 
labeled L-lysine-C™ each in two doses at a 12-hour interval. At 
the same time as the second injection of lysine each mouse was 
also given an injection with 150 ug of adenine-8-C“, Twelve 
hours later these mice were bled, the plasma removed, and the 
blood cells washed once with 5 volumes of cold 0.9% sodium 
chloride. A 50% suspension of these cells in 0.9% sodium chlo- 
ride was prepared and 0.5 ml of this preparation was injected 
intravenously into the tail veins of male CAF1 mice. 

Groups of two mice were killed by exsanguination 4, 8, 24, 
and 48 hours after blood cell administration and acid-soluble 
and nucleic acid adenine prepared from blood cells, liver, kidney, 
spleen, heart, and small intestine. Protein was prepared from 
blood cells, plasma, liver, kidney, and intestine. In killing the 
animals each was anesthetized with ether, the neck blood vessels 
cut on one side, and cold 0.9% sodium chloride infused by tail 
vein until there was almost no red color apparent in the effluent 
from the neck wound (at least 10 ml per mouse was used). This 
procedure appeared adequately to remove blood from all tissues 
except the spleen, which apparently was not well perfused. The 
specific activities of acid-soluble and nucleic acid adenine are 
presented in Fig. 1. Significant amounts of adenine were taken 
up by all tissues examined, and incorporated into the nucleic 
acid fraction to some extent. This experiment has been re- 
peated with essentially the same results. 

The uniformly labeled L-lysine-C™ was used to demonstrate 
the continued survival of the injected blood cells in the recipient 
mice and to rule out the possibility that adenine was lost from 
these cells as a result of their destruction after injection. Fig. 
2 shows the loss of acid-soluble adenine radioactivity from the 
blood cells after injection, and the stability of the blood cell 
protein radioactivity. The method of preparation of this pro- 
tein (see above) is such as to remove acid-insoluble and bound 
forms of adenine from the protein. The radioactivities of the 
blood cell protein samples were measured so that the 0.99 error 
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Fic. 1. Transfer of adenine-S-C"™ from blood cells in vivo. 


tissues at various times after the intravenous injection of adenine-S-C'*-labeled blood cells into CAF1 mice. 


activity are indicated by “‘O”’. 


was less than 10%. The specific activity of blood cell acid-solu- 
ble adenine drops almost 80% in 48 hours, whereas that of the 
blood cell protein does not change appreciably. These data pro- 
vide support for the premise that the loss of blood cell radio- 
active adenine is not a consequence of the destruction of the 
injected blood cells. Further evidence was gained from at- 
tempts to measure radioactivity in samples of protein from liver, 
plasma, kidney, and intestine. No radioactivity was detected 
in these samples at any of the time periods. If blood cell de- 
struction had occurred, reutilization of at least some of the ly- 
sine-C™ from the protein of blood cells by these tissues, especially 
the liver, might have been expected. Bale et al. (4) have found 
that the proteins of broken down dog red cells were not used 
preferentially for the synthesis of new hemoglobin. Blood cells 
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prepared in a similar fashion have been used to measure the life : 
Little differ- | 


span of mouse erythrocytes by Burwell et al. (5). 
ence was noted in the life span of transfused and nontransfused 


erythrocytes, especially during the early period after transfusion. | 


The transfer of tissue adenine to blood cells is difficult to prove 
directly. It was suggested, however, by the demonstration of 
the uptake of rat liver adenine by blood cells in a perfusion ap 
paratus, the design and characteristics of which will soon be de- 
scribed by Dr. James A. Miller of the MeArdle Laboratory’ 
The perfusion medium consisted of 150 ml of heparinized whole 


rat blood fortified by constant infusion of lactate, arginine, antl | 
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biotic, and an amino acid mixture. During the course of the 
S-hour experiment the liver secreted bile and took up oxygen, 
and no areas of gross necrosis were apparent. 

Twenty-four hours before surgical removal of the liver, a 300-g 
rat Was given an intraperitoneal injection with 1.77 mg of ade- 
nine-8-C™, After start of the perfusion, blood samples were re- 
moved periodically from the apparatus, the blood cells separated 
and washed once with 5 volumes of cold 0.9% sodium chloride, 
and acid-soluble adenine prepared for radioactivity measure- 
ments as described above. At the end of the experiment the 
liver also was analyzed for acid-soluble and nucleic acid adenine. 
(It was not possible to analyze the plasma, as considerable 
hemolysis had occurred.) These data are given in Table I. 
The total acid-soluble and nucleic acid adenine contents of 
the liver were estimated to be 9 mg each, and the total blood 
cell adenine present as 15 mg. The total radioactivities can be 
approximated from these estimates. During this 8-hour period 
the blood cells have taken up radioactivity equal to about 3% 
of that present in the acid-soluble adenine of the liver. In 
another experiment, in which the conditions differed only by an 
increased tryptophan content of the plasma, the figure was 9%. 

A sample of washed blood cells from the perfusion experiment 
was extracted with 0.2 m perchloric acid and chromatographed 
on Dowex 1-formate with a modification of the gradient elution 
system of Hurlbert et al. (6). Fractions of 10 ml were collected 
and aliquots plated for radioactivity measurements. There 
were 131,000 ¢.p.m. in Tubes 45 to 55 and 59,800 ¢.p.m. in Tubes 
61 to 65, with smaller amounts of radioactivity in several other 
fractions. These fractions are associated with nucleotides, and 
it was apparent that the adenine from the liver was present in 
the blood cells in the form of nucleotides. The rigorous char- 
acterization of these compounds was not performed. 

In order to evaluate the relative roles of the red and white 
cells in the transport process, the top layers of packed blood cells 
from the perfusion experiment were removed three times after 
suspension and recentrifugation. This removed almost all of the 
white blood cells, but no lowering of the specific activity of ade- 
nine occurred. This would tend to support the view that the 
erythrocytes play a predominant role in the transport process. 

To investigate the avidity of the blood cells for adenine, the 
uptake of adenine-8-C™ by blood cells in vitro was measured in 
Warburg respirometer vessels of 60 ml capacity in Robinson's 
medium (7) plus glucose and bicarbonate (pH 7.4) in a total 
volume of 11 ml to which the adenine had been added. One 
milliliter of a 1:40.9% sodium chloride dilution of washed, packed 
blood cells (18 mg dry weight) was added to each flask. The 
incubation was carried out for 1 hour at 38° under 95% nitrogen- 
5% carbon dioxide. The results are presented in Fig. 3. The 
specific activity of blood cell adenine reached a high level under 
these conditions, and near saturation was achieved with low 
concentrations of adenine in the medium. 

The form in which this adenine was present within the blood 
cells was investigated by making such a flask 0.2 m in perchloric 
acid and chromatographing the soluble fraction on Dowex 1-for- 
mate as above. In Tubes 41 to 48 there were 61,400 c.p.m., 
and 203,000 c.p.m. in Tubes 99 to 110. These fractions are 
associated with nucleotides, and it was apparent that the ade- 
nine-S-C™ had entered the general metabolism of the cells. 

Since it was demonstrated that adenine transport by means 
of blood cells can occur, further experiments were undertaken 
with blood cells, in vitro, in an attempt to delineate factors which 
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Fic. 2. Specific activities of blood cell protein and acid-soluble 
adenine at various times after the intravenous injection of ade- 
nine-8-C'* and uniformly labeled lysine-C™ labeled blood cells 
into mice. 


TaBLe I 

Specific activity of adenine from blood cells perfusing rat liver 
labeled with adenine-8-C™; and that of liver at termination 

of perfusion 


| Time | Specific activity | Total activity 
| Ars. c.p.m./ug | c.p.m 
Blood 2 7.1 | 
4 9.8 | 
6 9.3 | 
| 8 | 12.0 | 180,000 
Liver | Acid-soluble | 697 | 6,300 ,000 
Nucleic acid | 212 | 
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Fic. 3. Uptake of adenine-8-C" by blood cells in vitro as a fune- 
tion of adenine concentration. Mouse blood cells (18 mg dry 
weight) were suspended in 12 ml of Robinson’s medium plus glu- 
cose and bicarbonate in 60-ml Warburg vessels at 38° for 1 hour 
under anaerobic conditions. 


might influence this process, especially the transfer of adenine 
out of the cells. In these experiments 0.5-ml aliquots of a 1:5 
dilution of washed, packed cells were in each case added to 4.5 
ml of the medium described above and gently shaken in 25-ml 
Erlenmeyer flasks at 38°. At the end of the incubation period 
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Fic. 4. Release of adenine from blood cells in vitro under aero- 
bic (air) and anaerobic (95° % nitrogen-5°% carbon dioxide, abbrevi- 
ated ‘“‘N,”’) conditions. Mouse blood cells (7.2 mg dry weight) 
were suspended in 5 ml of Robinson’s medium plus glucose and 
bicarbonate in 25-ml Erlenmeyer flasks at 38°. 
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Fic. 5. Hemolysis in vitro under aerobic (air) and anaerobic 
(95°% nitrogen-5°% carbon dioxide, abbreviated ‘‘N,’’) conditions. 
The optical density of oxyhemoglobin was estimated at 575 my, 
and that of hemoglobin at 555 mu. Mouse blood cells (7.2 mg dry 
weight) were shaken in 5 ml of Robinson’s medium plus glucose 
and bicarbonate in 25-ml Erlenmeyer flasks at 38°. 


the flask contents were poured into centrifuge tubes, the cells 
centrifuged, and 3 ml of supernatant fluid removed. To meas- 
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ure the extent of hemolysis the optical density of this fluid was 
measured at 575 my (for oxyhemoglobin) or 555 my (for hemo- 
globin), depending on the gas phase used, then deproteinized by 
the addition of 0.5 ml of 2.6 m perchloric acid. The optical den- 
sity at 260 mu was measured, and this is computed as “adenine” 
in subsequent discussion. That this is, indeed, an adenine com- 
pound(s), has been confirmed by preliminary paper chromatog- 
raphy experiments, although whether it is present as free base, 
nucleoside, nucleotide, or combination of these was not deter- 
mined. Since the absorbancy of all these forms is almost the 
same at 260 muy, this uncertainty does not significantly affect 
the results. 

This “leakage” of adenine from blood cells appears to be 
greater in aerobiosis than in anaerobiosis. Fig. 4 shows the Egg 
(“‘adenine’’) in the cell-free supernatant when the incubation 
was under air or under 95% nitrogen-5% carbon dioxide. Simi- 
lar results were obtained when 95% oxygen-5% carbon dioxide 
was used instead of air. It is clear that more adenine was re- 
leased under aerobic conditions. However, under these condi- 
tions there is also much more hemolysis, as shown in Fig. 5. 
That the adenine released is not entirely due to this hemolysis 
is shown by the difference in the slopes of the Eos and Esr5 
curves. (The addition of 100 ug of streptomycin and 100 units 
of penicillin G per flask did not alter the results.) Hemolysis 
was measured as an indication of gross cellular damage. The 
release of adenine may, however, have no relation to the release 
of a protein. 

Energy seems to be necessary for the maintenance of intra- 
cellular adenine. Table II gives the E2eo in the presence and ab- 
sence of iodoacetic acid at 1 mM concentration, after a 1-hour 
incubation under the conditions described above. There is a 
great increase in the amount of adenine released, with but a 
small increase in hemolysis. This effect was the same with 
either aerobic or anaerobic conditions. 


DISCUSSION 


The subject of the possible transport functions of blood cells 
has been extensively reviewed by Cordier (8). Some organic 
compounds partition themselves between blood cells and plasma 
so that they are relatively more concentrated in the cellular frac- 
tion, but they are transported by the plasma as well. A few 
compounds are known to be present only within the cells, such 
as 9-ribosyl uric acid and 2,3-diphosphoglycerate. However, 
the extremely low purine content of plasma, its high concentra- 
tion in blood cells, and the evidence adduced above (cf. (1)) ap- 


II 
Effect of iodoacetic acid (1 mm) on release of adenine from blood 


cells in vitro* 


Ews (aerobic) ‘Fuss (anaerobic) 
+ iodoacetate....... 546 120 
+ iodoacetate....... 558 76 


* Mouse blood cells (7.2 mg dry weight) were shaken in 5 ml of 
Robinson’s medium plus glucose and bicarbonate in 25-ml Erlen- 
meyer flasks at 38° for 1 hour under aerobic (air) and anaerobic 
(95% nitrogen-5% carbon dioxide) conditions. The optical den- 
sity of oxyhemoglobin was estimated at 575 my, and that of hemo- 
globin at 555 my. 
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pear to make adenine transport among tissues by blood cells 
somewhat unique. Although this mechanism may circumvent 
the action of purine-catabolizing enzymes known to be present 
in the plasma of at least some species (9), any other “advan- 
tages’ of this transport mechanism remain unclear. Besides, 
the final stages of transport must take place by means of plasma 
and intercellular fluid. 

Bennett and Krueckel (10) decided, on the basis of kinetic 
evidence, that transfer among tissues did not occur. However, 
they did not include blood cells in their study and their analysis 
probably would have detected only large amounts transferred. 

The function of any means of purine transport among tissues 
can be discussed with more confidence. Besides transport of 
dietary purines from intestine to liver and other tissues, it may 
function in the excretory process. Although rodents excrete al- 
lantoin and small quantities of uric acid (11), not all tissues pos- 
sess the ability to convert adenine and guanine nucleotides to 
these excretory products. Brain and muscle homogenates do 
not produce uric acid (12), whereas those of spleen, kidney, lung, 
and testicle do, and liver alone contains uricase (13, 14). Thus 
transport of purines to liver and other tissues may be necessary 
for completion of the catabolic process. 

Although there are two methods of purine nucleotide synthe- 
sis, tissues differ in their ability to perform each set of reactions 
((15, 16, 17) and unpublished observations). Tissues with slight 
ability to make purines de novo may obtain purines from other 
tissues. Lajtha and Vine (18) have recently shown that, in 
rabbits, the bone marrow receives most of its purine supply from 
the liver. This may also be the case for certain other tissues, 
such as brain and muscle.* 

Although definite conclusions cannot be drawn from the ex- 
periments in vitro reported concerning reactions in vivo, they 
tend to suggest that adenine may pass to and from the blood 
cells during changes in oxygen tension and energy supply which 
occur physiologically. Deyrup (19) has shown that exposure to 
hypotonic solutions results in release of adenine from blood cells, 
but only after dilution with isotonic fluids. 

There appear to be many questions still unanswered concern- 
ing this phenomenon. 


* Unpublished observations. 
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SUMMARY 


Evidence that purines may be transported among mouse tis- 
sues by blood cells is presented. Adenine is readily taken up by 
blood cells in vitro. Adenine is also taken up by blood cells from 
the rat liver undergoing perfusion. Blood cells labeled with ra- 
dioactive adenine lose this adenine in vivo to mouse tissues which 
incorporate it into their acid-soluble and nucleic acid fractions. 
That this is not due to blood cell destruction was demonstrated 
by labeling the blood cells with lysine-C™ and showing that the 
blood cell protein radioactivity does not decrease at the same 
rate as that of the blood cell adenine. 

Aerobie conditions and iodoacetic acid both increase loss of 
adenine from blood cells incubated in vitro. The relevance of 
these findings to the situation in vivo is considered. The possi- 
ble functions of this transport mechanism in the general physi- 
ology of purines in the mouse are also discussed. 
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The biological activity of 6-mercaptopurine, an analogue of 
hypoxanthine, has been the subject of extensive studies, but the 
mechanism of its action has remained unclear. This drug in- 
hibits the growth of bacteria (1-3) and mammalian cells (4, 5) 
in vitro and the proliferation of experimental tumors and leu- 
kemias in vivo (6-9). It has been suggested that it interferes 
with the synthesis of nucleic acid purines by preventing the con- 
version of some hypoxanthine derivative to adenine or guanine 
derivatives (10-12), or by interfering with the function and syn- 
thesis of purine-containing coenzymes (3). 

The incorporation of formate and of hypoxanthine, but not of 
adenine, into nucleic acids of various tissues of tumor-bearing 
mice in vivo (10) and into nucleic acids of tumor cells in vitro 
(13, 14) was prevented by 6-mercaptopurine. In mouse liver, it 
also inhibited the synthesis of reduced diphosphopyridine nucleo- 
tide associated with the administration of nicotinamide (15). 
The synthesis of inosinic acid de novo from glycine by soluble 
enzymes of avian liver was not inhibited by the ribonucleotide 
of 6-mercaptopurine (16). 

In the present study Eagle’s medium (17, 18) and modifica- 
tions of this medium (19) have been used to analyze the mode of 
action of 6-mercaptopurine and its ribonucleoside on the growth 
of S-180' and HeLa cells. Evidence is presented that suggests 
that both of these compounds exert their action as the ribo- 
nucleotide by interfering competitively with the conversion of 
inosinic acid to adenylic acid. A preliminary report on these 
studies has been presented (20). 


EXPERIMENTAL 
Materials and Methods 


The cell lines used in this study originate from human car- 
cinoma of the cervix (HeLa) and mouse sarcoma (S-180) both 
purchased from the Microbiological Associates, Inc. 

Stock cultures were carried in Eagle’s medium (17, 18) con- 
taining 10% whole horse serum. The effect of the drugs was 
measured in two types of media: (a) Folic acid medium: Eagle’s 
medium in which the growth of the cells depends on the function 
of folic acid. Under these conditions, all the purine-containing 
compounds in the cells are synthesized de novo. (6) Ametho- 
pterin medium: In this medium the functions of folic acid are 
blocked by amethopterin so that the growth of the cells is de- 


* This study was supported in part by the Dorothy W. and 
Lewis Rosenstiel Foundation and in part by a research grant (CY- 
4175) from the National Cancer Institute of the United States 
Public Health Service. 

1 The abbreviations used are: S-180, mouse sarcoma; and HeLa, 
human carcinoma. 
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pendent on a supplement of some preformed purine (hypo- 
xanthine, adenine, their nucleosides or nucleotides), thymidine, 
and glycine (19). Freshly prepared solutions of 6-mercapto- 
purine and its ribonucleoside were mixed with the rest of the 
media when used. The media were changed every second day. 
After incubation for 7 days the growth was evaluated by a pro- 
tein determination (21). 


RESULTS 


Effect of 6-Mercaptopurine on Synthesis of Purines de Novo— 
The growth of the cells in folic acid medium was inhibited by 
rather low concentrations of the drug, 50% inhibition of the 
growth of HeLa cells being caused by 2.6 um (Fig. 1). The 
growth of 8-180 cells in this medium was more resistant to its 
action than that of HeLa cells since 15 um caused a 50% inhibi- 
tion of growth (Table 1). 

The effect of the concentration of folic acid in the medium on 
the inhibitory activity of the drug had to be tested with cells 
depleted of folic acid. This depletion was accomplished by 
maintaining S-180 cells in a medium containing hypoxanthine, 
thymidine, and glycine in place of folic acid. (The amount of 
folic acid supplied by 10% horse serum was not sufficient to sup- 
port the growth of such S-180 cells.) The amount of 6-mercapto- 
purine required for inhibition of growth varied only slightly over 
a wide range in the concentration of folic acid in the medium 
(Table Il). Furthermore, the size of the inoculum had no effect 
in this respect (Table II1). 

In folic acid medium adenine, adenosine, adenylic acid, hy- 
poxanthine, inosine, and inosinic acid prevented the inhibitory 
effects. This effect of adenine and its derivatives was independ- 
ent of the concentration ratios. However, the effectiveness of 
hypoxanthine and its derivatives as protecting agents depended 
entirely upon the relative concentrations of 6-mercaptopurine 
and hypoxanthine or its derivatives. A strictly quantitative 
determination of the relationship between 6-mercaptopurine and 
hypoxanthine, inosine, or inosinic acid could not be made in the 
folic acid medium, apparently because the synthesis of purines 
de novo in such a medium occurs to an unknown extent together 
with the utilization of exogenous purines. This analysis was 
therefore performed in the amethopterin medium. 

Effect of 6-Mercaptopurine on Utilization of Preformed Purines 
—When mammalian cells grow in a medium supplemented with 
amethopterin (10-* m), thymidine, glycine, and hypoxanthine or 
adenine derivatives, the latter serves as the sole source of all the 
purine containing compounds in the cells. The growth of 8-180 
cells was hardly affected even by high concentrations of 6-mer- 
captopurine when such a medium contained the minimum cop- 
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centration of adenine (10-* m) which could support optimum 
growth (19) (Table IV). In the presence of hypoxanthine, 
inosine, or inosinic acid (3 x 10-5 m) about 100 times more 
6-mercaptopurine than in the folic acid medium was required for 
inhibition of growth of HeLa cells (Fig. 1 and Tables I and V). 
A competitive relationship was found to exist between 6-mercap- 
topurine and hypoxanthine, inosine, or inosinic acid. Fig. 2 
presents an application of the inhibition analysis of Lineweaver 
and Burk (22) to the relationship between 6-mercaptopurine and 
hypoxanthine. In this case the value for the initial reaction 
velocity (v) has been replaced by the ratio of the total protein 
after 1 week’s incubation to that of the inoculum. On the basis 
of this analysis some apparent constants, corresponding to 
Michaelis constants, can be calculated (1.7 X 10-5 m for hypo- 
xanthine and 9.3 < 10-5 for6-mercaptopurine). The individual 
values of these constants must be accepted with reservations ap- 
plying to the conditions used. However, the ratio of these con- 
stants is significant in demonstrating that with HeLa cells the 
concentration of hypoxanthine required to nullify an effect by 
§-mercaptopurine is only one-fifth of that of the latter. Since 
similar relationships were indicated for 6-mercaptopurine and its 
ribonucleoside towards hypoxanthine, inosine, or inosinic acid, it 
is probable that the site of competition concerns a reaction on the 
metabolic pathway of purines rather than involving penetration 
into the cell. 

Studies on 6-Mercaptopurine Ribonucleoside—The inhibitory 
activity of the ribonucleoside in the folic acid medium was found 
to be similar to that of the base (Table 1). Its action was also 
prevented by the presence of adenine, adenosine, or adenylic acid 


Adenine 
3 
50 4 
x AwETHOPTERIN 
with HYPOKANTHNE 
FOLIC 
- =! 
10° ® io? io io? 


M 6 — MERCAPTOPURINE 
Fic. 1. Effect of 6-mercaptopurine on the growth of HeLa cells 
in varied media. O——O Eagle’s medium with 10° horse serum; 
and A——A, Eagle’s medium supplemented with 
amethopterin, 3 X 10-5 m thymidine, 3 XK 10°‘ m glycine, and 
3X 10°§ m hypoxanthine or adenine, respectively. 


Taste I 


Effect of 6-mercaptopurine and its ribonucleoside on growth of S-180 
and HeLa cells i in folic acid medium* 


— 


- Concentration required for 50°; inhibition of growth 


Cell line — 
HeLa 2.6 21 


°Ez agle’ s medium with 10% hoves serum was used. 
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Taste Il 
Folic acid concentration and effect of 6-mercaptopurine on growth 
of S-180 cells* 


Conc pebeltiplication i in absence of Concentration of 6mer- 
entration of folic acid ) ee captopurine required for 


uM 
0.15 | 6.4-fold ll 
0.3 | 8 .9-fold | 12 
1.0 | 10.2-fold | 20 

11.0-fold 19 


10.0 | 


* To deplete the cells of folic acid these S-180 cells had been 
maintained in a medium containing hypoxanthine, thymidine, 
and glycine in place of folie acid. 


Taste 


Size of inoculum and effect of 6-mercaptopurine 
on growth Of HeLa cells 


‘Multiplication in absence of Concentration of 6-mer- 


ws protein | | uM 

51.3 | 13.0-fold | 2.5 

70.5 | 16.2-fold | 2.6 

90.0 10.4-fold 2.7 

128 | 9 .2-fold | 2.6 

138 | 8.1-fold 2.5 


° Total protein of the inoculum (21) a at ‘the time when the addi- 
tion of medium containing 6-mercaptopurine was started. 


TaBLe IV 


Effect of 6-mercaptopurine and its ribonucleoside on growth of S-180 
cells in amethopterin medium* 


— —— 


Growth (percentage of control) 


Inhibitor Mercaptopurine 6 6 Mercaptopurine ribonucleoside 
| Adenine Adenine | Hypoxanthine. 
0 | 100 | 100 | 100 
1x 10° | | 91 
3x 10° 75 
1x 10° | 100 98 | 58 
3x 10 | 99 35 


Eagle's medium supplemented with amethopterin (10-8 
thymidine (3 X 10°° M), glycine (3 X 10°°M), and adenine or hy- 
poxanthine (10~* m). 


and its interference with the utilization of hypoxanthine, inosine, 
or inosinic acid in amethopterin medium was like that of 6- 
mercaptopurine (Table [V and V). In microbial and antitumor 
studies the base and the ribonucleoside were equivalent in in- 
hibitory activity (23). 

Combinations of 6-Mercaptopurine with Amethopterin—The 
possibility that combination of the folic acid antagonist, ametho- 
pterin, with 6-mercaptopurine would result in a synergistic in- 
hibition of the growth of mammalian cells in culture was in- 
vestigated. To establish the concentrations required for 50% 
inhibition of growth, the effects of both drugs on S-180 cells were 
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TaBLe V 


Effect of 6-mercaptopurine and its ribonucleoside on growth of HeLa 
cells in amethopterin medium* 


Concentration ired for 50% inhibition 
of growth 
Preformed purine 
6-Mercaptopurine 
mu X 10¢ 

Hypoxanthine.......... 2.4 2.3 
Inosinic acid.......... 2.7 | 2.5 


* Eagle’s medium supplemented with amethopterin (10~* 
thymidine (3 M), glycine (3 K 10-* m), and the preformed 
purine (3 X 


0.8- 
0.7- -5 
Kemp *9.3 X10 
6MP 2X10 
0.5- 
x YEMP 
c 
No 6MP 
1S 20 25 3. 
=5 
aay * 


Fic. 2. Analysis of the effects of 6-mercaptopurine (6MP) on 
the growth of HeLa cells in amethopterin medium (Lineweaver 
and Burk). In the graph, growth is defined as total protein rela- 
tive to inoculum after 1 weeks’ incubation and [Hx] as molar con- 
centration of hypoxanthine in the medium. 


5x10 


M AMETHOPTERIN 
@ 


° 1x10" > 
M 6—MERCAPTOPURINE 


Fic. 3. The effect of combinations of 6-mercaptopurine and 
amethopterin on the growth of 5-180 cells in folic acid medium. 
The points denote the concentrations of inhibitors required for 
50% inhibition. 


Mode of Action of 6-Mercaptopurine 
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studied alone and in combinations over concentrations varying 
from 10-* to 10-7 m for amethopterin and from to 10-* 
for 6-mercaptopurine (Fig. 3). This type of analysis distin- 
guishes synergistic inhibition from a simple additive effect in 
microbial studies (24). No synergism could be detected. The 
effect of the combinations was only additive. 


DISCUSSION 


This investigation demonstrates an application of cell culture 
techniques to studies on the sites of action of purine antagonists. 
The addition of an antimetabolite (amethopterin) to the culture 
medium creates new requirements for specific metabolites (hy- 
poxanthine or adenine, thymidine, and glycine) which are prod- 
ucts of the drug-inhibited metabolic pathways. In the presence 
of amethopterin the growth of the cells is completely dependent 
on a source of purines in the medium (19) and thus the nature of 
the interference with the utilization of different purines by re- 
lated analogues can be studied. A similar analysis can be ap- 
plied to the relationship between thymidine and related an- 
tagonists. The effect of the antagonists can also be studied 
under conditions in which growth depends upon synthesis de 
novo of these metabolites. 

Earlier studies in cell culture under very different conditions 
with a plasma clot technique (4) had indicated that coenzyme A 
was superior to other compounds in protecting S-180 cells against 
the effects of 6-mercaptopurine (10-* mM), whereas mouse embryo 
skin was protected equally well with adenine, adenosine, or 
adenylic acid. In the present study the latter three compounds 
prevented the inhibition of growth of 8-180 and HeLa cells by 
6-mercaptopurine and its ribonucleoside at concentrations of the 
analogues which have been found “reasonable” under the condi- 
tions of the present investigation; i.e. at 3 xX 10°‘ M even a 
norma! purine, such as adenine, completely prevents the growth 
of HeLa cells (19). Consequently, inhibition by compounds of 
this type at such concentrations is likely to be nonspecific. 

It is considered significant that the growth of 8-180 cells in 
folic acid medium is about 6 times more resistant to the action 
of 6-mercaptopurine and its ribonucleoside than that of HeLa 
cells. A similar quantitative difference in sensitivity was also 
found with 2,6-diaminopurine.?. The quantitative difference in 
purine requirements of these cells in amethopterin medium pos- 
sibly is a reflection of the same phenomenon. S-180 cells were 
found to require twice as much hypoxanthine as HeLa cells for 
one-half maximum growth in amethopterin medium (19). This 
indicates that in folic acid medium the capacity of 8-180 cells 
to synthesize purines de novo is probably greater than that of 
HeLa cells and therefore more 6-mercaptopurine or its ribo- 
nucleoside is required to inhibit the growth of 8-180 than HeLa 
cells. 

The Lineweaver-Burk analysis indicated that with HeLa cells 
the affinity of hypoxanthine derivatives for the site concerned 
was about 5 times as great as that of the analogues. This dif- 
ference explains the effectiveness of hypoxanthine, inosine, and 
inosinic acid as protecting agents against inhibition by 6-mer- 
captopurine and the ribonucleoside. The competitive relation- 
ship also explains why the growth of the cells in folic acid medium 
is so sensitive to their action. Apparently, at any given moment, 
the concentration of the newly formed inosinic acid is quite low 


2M. T. Hakala, unpublished data. 
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and thus, only low concentrations of the analogues are necessary 
for inhibition. 

It has been found with S-180 cells in culture that the presence 
of a purine in the medium decreases the folic acid requirement of 
the cells to about one-half and, on the other hand, doubles the 
amount of amethopterin required for inhibition as compared to 
that in the absence of a purine.2, These observations suggest 
that the folic acid dependent synthesis which is rate-limiting 
with respect to growth is the synthesis of purines. Thus, a folic 
acid analogue, such as amethopterin, most probably exerts its 
effect by causing first of all a shortage of purines. Therefore, it 
was not surprising that 6-mercaptopurine which exerts its effect 
as an antagonist of inosiniec acid, showed an inhibitory effect 
which was only additive to that of amethopterin when used in 
combination. Elion et al. (24) demonstrated that combinations 
of a folie acid antagonist (2 ,4-diamino-5-p-chloropheny|-6-ethyl- 
pyrimidine) with 6-mercaptopurine were synergistic in inhibiting 
the growth of Lactobacillus casei. In studies of neoplasms in 
mice, no synergism was detected with combinations of 6-mer- 
captopurine and amethopterin against S-180 (25). Some syner- 
gism was observed against an ascitic leukemia, L-1210 (25); in 
other studies of the same leukemia grown intramuscularly the 
combinations showed no superiority over that with amethopterin 
alone (26). An extensive clinical investigation of the same com- 
bination in the treatment of human acute leukemia demonstrated 
no chemotherapeutic advantage of the combination over that 
with either drug alone (27). Further studies applying the 
techniques and analysis presented herein may provide an experi- 
mental basis indicating the potentiality of more effective com- 
binations of growth inhibitors. 

The inhibition of 5-180 and HeLa cells by 6-mercaptopurine 
and its ribonucleoside was prevented by hypoxanthine, inosine, 
and inosinic acid in a competitive manner. Since inosinic acid, 
but not hypoxanthine or inosine, is on the pathway of purine 
synthesis de novo, (28) the results of this study imply that both 
6-mercaptopurine and its ribonucleoside act in the form of a 
ribonucleotide by competing with inosinic acid for the formation 
of adenylic acid. There is no doubt that both bacterial and 
animal cells are able to form 6-mercaptopurine ribonucleotide 
from the base (16, 29, 30). Although it is probable that the 
metabolic block created by 6-mercaptopurine and its ribonucleo- 
side is between inosinic acid and adenylosuccinate, it was not 
possible to determine this with the present method based on the 
measurement of growth since adenylosuccinate does not support 
the growth of these cells (19). Final proof of this site of action 
must await determination in an enzymatic system.’ 


SUMMARY 


The mode of action of 6-mercaptopurine and its ribonucleoside 
on Sarcoma-180 (S-180) and HeLa cells has been studied in 
cultures dependent upon preformed purines for growth (ametho- 
pterin medium) and under conditions requiring synthesis of 
purines de novo (folic acid medium). 

The growth of S-180 cells in folic acid medium is about 6 times 
more resistant than that of HeLa cells to the action of the 
analogues. With HeLa cells about 100 times more 6-mercapto- 


*An abstract has recently appeared which describes inhibition 
of the conversion of inosinic acid to adenylosuccinate by 6-mer- 
captopurine-ribonucleotide in cell free extracts of Streptococcus 
faecalis (31). 
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purine or its ribonucleoside is required for inhibition of the 
utilization of hypoxanthine than for inhibition of the synthesis 
of purines de novo. The inhibitory effects of amethopterin and 
6-mercaptopurine on the growth of S-180 were found to be addi- 


tive; no synergism was detected. 


Adenine, adenosine, and adenylie acid protect the growth of 
the cells against the effects of the analogues in a manner in- 
dependent of the ratio of the concentration of inhibitor to metab- 
olite. Hypoxanthine, inosine, and inosinic acid prevent the ac- 
tion of the analogues in a competitive manner. With HeLa cells 
the concentration of the hypoxanthine derivatives required to 
nullify an effect by 6-mercaptopurine is one-fifth of that of the 
analogue. 

These findings support the suggestions that both 6-mercapto- 
purine and its ribonucleoside exert their action as the ribonucleo- 
tide by competing with inosinic acid on the pathway to adenylice 


acid. 
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Aliphatic Precursors of Pyrimidines in Neurospora* 
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Neurospora crassa 1298, a pyrimidineless mutant, is capable of 
growth in a medium in which pyrimidines are replaced by a- 
amino-n-butyrie acid (1). This effect appears to be related to 
the use of the amino acid as a pyrimidine precursor by this or- 
ganism (2); however, evidence pertaining to the nature of the 
biosynthetic reactions and the intermediate compounds involved 
in such utilization has been lacking. As an approach to the 
study of these problems, a search has been made for additional 
compounds possessing the growth-supporting ability of amino- 
butvrate. Particular emphasis has been placed on the examina- 
tion of compounds related in chemical structure or by metabolic 
processes to aminobutyrate and on the intermediates of the 
scheme for pyrimidine biogenesis proposed by Lieberman and 
Kornberg (3). These experiments and their results are described 
in the present paper. 


EXPERIMENTAL PROCEDURES 


Compounds—B-Ureidopropionic acid was prepared by the 
method of Lengfeld and Stieglitz (4). pt-a-Ureidobutyrie and 
pL-ureidosuccinie acids were both prepared by a method essen- 
tially that of Nye and Mitchell (5). pt-a-Hydroxybutyrie acid 
was synthesized by the general Hell, Volhard, Zelinsky procedure. 
The directions of Jones et al. (6) were followed for the synthesis 
of carbamy] phosphate. 

Generous gifts were obtained of L-a-aminobutyric acid from 
Dr. Jesse P. Greenstein and of 8-hydroxypropionic and methy!- 
malonic acids from the laboratory of Dr. Minor J. Coon. 

The remainder of the compounds tested were of commercial 
origin. 

Organism—N. crassa 1298, a pyrimidineless strain, was used 
throughout the present experiments. 

Growth-testing Procedure—Each compound was tested for its 
ability to support the growth of the mold in the following man- 
ner. Various amounts of the compound, usually 2, 5, and 10 
mg, were added to flasks containing 25 ml of Fries basal medium 
(7). In most cases, the supplemented media were sterilized in 
an autoclave. However, in the testing of relatively unstable 
compounds, such as the ureido derivatives, the keto and hydroxy 
aids, and carbamyl phosphate, sterilization was accomplished 
by filtration of the supplemented media through sintered-glass 
bacterial filters. 


* This work, taken in the main from a thesis submitted by J. 
Muriel Boyd to Michigan State University in partial fulfillment 
of the requirements for the Doctor of Philosophy degree, was sup- 
ported in part by Contract (11-1)-289, United States Atomic En- 
ergy Commission. Preliminary reports covering the major part 
of this paper were presented at the meetings of the American 
Society of Plant Physiologists, Stanford University, August 1957, 
and of the American Society of Biological Chemists, Philadelphia, 
April 1958. 
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The flasks were inoculated with a spore suspension and incu- 
bated for 7 days. The presence or absence of growth was then 
noted. With each test compound two controls were run. One 
of these consisted of basal medium alone and the other of basal 
medium supplemented with a known growth promoter. Any 
experiment in which growth was observed in the unsupplemented 
control or in which the known growth promoter failed to produce 
a normal crop of mycelium was invalidated and then repeated. 
These were rare occasions. 

With those compounds which gave positive growth responses, 
another set of experiments was carried out in a manner similar 
to that described above. The concentration of the compounds 
was standardized at 0.05 mmole per 25 ml of medium. After 4 
days’ incubation the mycelium was harvested, dried, and weighed 
to provide a measure of the relative efficiency of each compound 
as a growth promoter. 

Effect of pH—Most compounds seem to be absorbed through 
membranes of living organisms preferentially in the unionized 
form. Therefore, because many of the compounds tested are 
acids, it was important to determine the possible effect on the 
growth-promoting abilities of these compounds of media more 
acid than pH 5.5, the pH of Fries basal medium. The substances 
tested in this way were aminobutyric, ureidobutyric, ureidosue- 
cinie, propionic, succinic, and a-ketobutyric acids and uracil and 
dihydrouracil. In these experiments the media were adjusted to 
pH 4.0 and to pH 3.0. The inoculation and the growth proce- 
dures were identical to those previously described. 

Time Course of Growth—The quantitative growth response of 
the mold with respect to incubation time also was determined 
for the major growth-supporting substances. For each com- 
pound 15 flasks were prepared, each containing 0.08 mmole of 
the supplement and 25 ml of the basal medium. After growth 
became apparent, triplicate samples were harvested at suitable 
intervals and the dry weight of the mycelium was determined. 
To insure uniformity in this work, all compounds were tested 
concurrently under similar conditions. Equal aliquots of a single 
spore suspension were used for all inoculations. 


RESULTS 


Compounds Supporting Growth—Previous work has shown that 
N. crassa 1298 is capable of growth in Fries medium supple- 
mented with uridine, cytidine, or uracil (8) and with amino- 
butyric acid or threonine (1). In addition to these compounds, 
homoserine, propionic acid, 8-hydroxypropionic acid, methyl- 
malonic acid, and dihydrouracil were also found in the present 
work to be relatively effective growth promoters in a medium of 
pH 5.5. Less, but significant, growth was obtained with 8-ure- 
idopropionic, acrylic, and a,y-diaminobutyriec acids. The rela- 
tive efficiencies of these compounds are reported in Table I. 
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TABLE I 


Comparative growth response of Neurospora crassa 1298 
lo various compounds 


Supplementary compound* Dry weight of mycelium 

8-Ureidopropionic acid...................... 2 
8-Hydroxypropionic acid.................... 15 
L-Aminobutyric acid.......... | 43 
DL-a,y-Diaminobutyric acid................. | 5 


* In each case the concentration was 0.05 mmole per 25 ml of 
medium with the exception of uridine where 0.01 mmole was used. 
The incubation time was 4 days. 


II 
Effect of optical isomerism on growth-supporting ability of 
aminobutyric acid 


Supplement | | Weight of mycelium* 


Concentration 

| me/25 ml 
L-Aminobutyric acid 1 17 
2 27 
4 39 
pL-Aminobutyric acid 2 21 
4 30 
6 40 


* In each case the incubation time was 4 days. 


Compounds Failing to Support Growth—A previous publication 
(1) has reported that aspartic acid, valine, isoleucine, histidine, 
and serine lack growth-supporting abilities for the mutant at 
pH 5.5. To this list must be added pyruvic, acetic, butyric, 
malonic, succinic, t-glutamic, a-ketobutyric, DL-a-hydroxy- 
butyric, y-aminobutyric, DL-a-aminoisobutyric, DL-a-ureido- 
butyric and pL-ureidosuccinic acids, L-asparagine, L-glutamine, 
pL-methionine, L-leucine, L-arginine, DL-citrulline, pL-ornithine, 
glycine, n-propylamine, L-a-alanine, 8-alanine, and carbamyl 
phosphate. 

Permeability considerations render any quantitative evalua- 
tion of these data subject to considerable uncertainty, particu- 
larly with respect to the ionizable compounds. However, in 
experiments with media at pH 4.0 and 3.0, few significant varia- 
tions in the relative amounts of growth were noted. Thus, 
a-ketobutyric acid at pH 3.0 supported growth about as well as 
propionate, and succinic acid at pH 4.0 was equally as effective 
as propionate. In all cases growth was quite poor at the lower 
pH’s, and the mycelium produced was difficult to collect and 
weigh. The relative amounts of mycelium were estimated, 
therefore, solely by visual comparison. 

Relative Effect of p- and t-a-Aminobutyrate—In the course of 
this work it became important to determine if the growth-sup- 
porting effect of aminobutyrate was exhibited in equal measure 
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by both optical isomers. As the p-form was not available for 
testing, a comparison was made of the effect of various concen- 
trations of the L-isomer with that of similar concentrations of 
the racemic mixture. In these experiments, summarized in 
Table II, it was found that for a given amount of growth, about 
twice as much of the racemic mixture was required as of the 
L-aminobutyrate. This indicates strongly that the D-isomer is 
almost, if not completely, inactive. 

Time Course of Growth—The growth response of the mutant as 
a function of time of incubation after inoculation for selected 
supplements is pictured in Fig. 1. Of the various compounds 
tested, growth began first on uracil, followed in order by pt- 
aminobutyric acid, propionic acid, dihydrouracil, and, finally, 
B-ureidopropionic acid. Once growth began, the compounds 
gave similar growth rates, with the exception that the rate on 
uracil was about twice that on the other substances. It should 
be noted, however, that racemic aminobutyrate was employed, 
and the concentration of the effective L-form was, accordingly, 
only 0.04 mmole per flask, one-half that of the other compounds, 
Other experiments have shown that a slightly shorter lag phase 
and a somewhat higher growth rate than is shown in Fig. 1 would 
have resulted with the use of 0.08 mmole of L-aminobutyrate. 

Propionate gave a much lower growth maximum than the 
other compounds. This presumably is related to the diversion, 
during growth, of substantial amounts of propionate to metabolic 
processes other than pyrimidine formation. 


DISCUSSION 


The compounds, in addition to pyrimidine nucleosides, which 
now are known to support the growth of the pyrimidineless N. 
crassa 1298 in the usual basal medium may be divided into three 
groups on the basis of known or likely metabolic interconver- 
sions: (a) aminobutyric acid, homoserine, threonine, and a,¥- 
diaminobutyric acid (9), (b) propionic, acrylic, hydroxypropionice, 
and methylmalonic acids (10, 11), and (c) uracil, dihydrouracil, 
and ureidopropionic acid (12). The growth responses indicate 


that aminobutyrate, propionate, and uracil are the most directly 
involved in pyrimidine formation; however, this conclusion may 
not be valid if the compounds differ greatly with respect to the 
rates at which they enter the fungal cells. 
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It is difficult to reconcile the structures of the growth-pro- 
moting compounds with the idea that they are normal inter- 
mediates in a single biosynthetic pathway leading from the 
simple carbon and nitrogen sources of the basal medium to py- 
rimidines and that they occupy positions in this pathway subse- 
quent to the genetically blocked reaction. Furthermore, the 
growth of the mold on uridine requires only small concentrations 
of the nucleoside and begins quickly, whereas these compounds 
must be present in relatively high concentrations and the lag 
phases of growth are of considerable duration. It is apparently 
necessary to assume, therefore, that whatever the quantitatively 
important route of pyrimidine biosynthesis may be in the wild- 
type .V. crassa, the mutant utilizes the compounds studied here 
by alternative routes of adaptive nature. This interpretation 
leads to satisfactory explanations of the large amounts of the 
compounds required, of the variations in the lag phases, and of 
the finding that once growth was established by aminobutyric 
acid, large amounts of pyrimidines could then be formed from 
simple carbon and nitrogen sources. 

The nature of the pathways utilized remains to be determined. 
Apparently the scheme of Liebermann and Kornberg (3) is not 
involved, because neither aspartate nor ureidosuccinate sup- 
ported growth. It is likely that the uracil group of compounds 
is utilized by the reversal of the normally degradative path lead- 
ing from pyrimidine nucleotides through uracil, dihydrouracil, 
and ureidopropionate to B-alanine (12-14), for these compounds 
require successively longer lag periods, and -alanine itself is 
inactive. A similar suggestion based on virtually identical 
grounds was made to explain experiments with a related strain 
of the mold (15). 

Neither propionate nor aminobutyrate, however, seems to be 
utilized by this pathway. Dihydrouracil and ureidopropionate 
support growth only after lag periods which are considerably 
greater than those shown by propionate and aminobutyrate. 
This finding is not compatible with the possibility that the acids 
are used for pyrimidine production by a route involving free 
dihydrouracil or ureidopropionate. 

Aminobutyrate and propionate, however, may well be used by 
the same mechanism. Their lag phases are similar, and the use 
of both compounds is inhibited completely by the presence of 
arginine at low concentrations that have little, if any, effect on 
uracil utilization and no effect on uridine use.! Obviously, L- 
aminobutyrate may be converted to propionate by deamination 
and oxidative decarboxylation, reactions described by Matsuo 
etal. (16). Ketobutyrate did not support growth of the mold at 
the usual pH of 5.5, but did so at pH 3.0, indicating difficulty 


1J. M. Boyd and J. L. Fairley, unpublished data. 
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in the passing of this compound through the mycelial membrane. 
However, D-aminobutyrate, which also could give rise to keto- 
butyrate intracellularly, was not capable of supporting growth. 
The situation is therefore not clear. 

One mechanism for propionate utilization which is currently 
under study is its conversion through propionyl coenzyme A to 
an activated derivative of 8-alanine which then could yield 8- 
alanine ribotide, ureidopropionic acid ribotide, dihydrouracil 
ribotide, and uridine 5’-phosphate. This suggestion receives 
support from the studies of Mokrasch and Grisolia (17), who 
have demonstrated the rapid use of ureidopropionic acid ribotide 
and dihydrouracil ribotide for nucleic acid pyrimidine formation 
by rat liver preparations. 


SUMMARY 


The pyrimidineless mutant, Neurospora crassa 1298, has been 
shown to respond to a number of compounds other than pyrim- 
idines and aminobutyric acid. These compounds fall into three 
groups: (a) dihydrouracil and ureidopropionic acid, (6) propionic 
acid and metabolically related compounds, and (c) compounds 
related metabolically to aminobutyric acid. Possible mech- 
anisms for the utilization of these compounds in pyrimidine for- 
mation are discussed. 
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Previous reports from this laboratory have described the 
growth-supporting abilities of a-aminobutyric acid, propionic 
acid, and certain related compounds for the pyrimidineless strain, 
Neurospora crassa 1298 (1, 2). Tracer studies with amino- 
butyric acid-3-C™ indicated the use of this compound by the 
mold as a precursor of the pyrimidines of the ribonucleic acids 
(3). This conclusion, however, was subject to some doubt in 
that considerable dilution of the radioactive carbon was found 
to have occurred during pyrimidine formation. The present 
report provides evidence confirming the role of aminobutyrate as 
a relatively specific pyrimidine precursor in this organism and 
extending this conclusion to propionate as well. Studies of the 
use of uracil-2-C™ for ribonucleic acid pyrimidine production 
under various conditions are also described. 


EXPERIMENTAL PROCEDURES 


Materials—The organism used in all experiments was the 
pyrimidine-requiring .V. crassa 1298. Uracil-2-C™ was obtained 
from the Isotopes Specialties Company, and was diluted before 
use with unlabeled uracil to provide samples with activities of 
about 2.5 10‘ ¢.p.m. per ymole. Sodium propionate-2-C™ was 
purchased from the Volk Radiochemical Company; it was diluted 
with unlabeled propionate to give activities near 2 < 10‘ ¢.p.m. 
per umole. 

Methods—The procedures for the growth of the mold in Fries 
medium (4) supplemented with the desired compound or com- 
pounds have been described (1). In each of the present tracer 
experiments 10 flasks containing a total of 250 ml of medium were 
used to provide the mycelium for the isolation procedures. The 
methods used for the isolation of the ribonucleic acids of the 
mycelium, the liberation of the purine and pyrimidine bases by 
treatment with perchloric acid and the separation and purifica- 
tion of the bases by ion exchange and paper chromatography 
followed closely those previously described in detail (3). 

In the experiments in which the supplement was uracil-2-C, 
the nucleic acid bases were found to be pure after a single sep- 
aration on a Dowex 50 column as judged by the close correspond- 
ence of ultraviolet absorption and C™ content for successive 
chromatographic fractions. Propionate-2-C™, however, gave 
rise to bases which were contaminated with radioactive impuri- 
ties. These were removed by chromatography on Whatman 


* This work, taken in the main from a thesis submitted by J. 
Muriel Boyd to Michigan State University in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, was 
supported by Contract (11-1)-289, United States Atomic Energy 
Commission. A preliminary report of much of this data was given 
at the annual meeting of the American Society of Biological Chem- 
ists in Philadelphia, April 1958. 


No. 1 filter paper, with the 2-propanol-HCl-water solvent of 
Wyatt (5). The purity was established by the coincidence of 
the ultraviolet-absorbing spots and the radioactive areas as 
located by radioautography. 

Radioactivity measurements were made with a Tracerlab 
internal flow Geiger counter, with the use of the proportional 
range. The concentrations of solutions of the purines and py- 
rimidines were determined from ultraviolet absorption measure- 
ments with a Beckman model DU spectrophotometer and the 
appropriate extinction coefficients. 


RESULTS 


Incorporation of Uracil-2-C™“ into RNA Pyrimidines—The di- 
lution of radioactive carbon found when aminobutyric acid-3-C" 
was used by the mold for pyrimidine formation led to an experi- 
ment with uracil-2-C™ designed to determine whether or not 


this phenomenon would also occur with a more clearly estab- | 


lished precursor of the RNA pyrimidines. The mold was allowed 
to grow in the presence of the radioactive uracil, the RNA py- 
rimidines formed were isolated, and their C™ contents were 
measured. It may be seen in Table I that the pyrimidines of 
the fungal RNA were highly labeled, but only to the extent of 
about 80% of the labeling of the uracil supplied, again demon- 
strating dilution of an exogenous precursor during growth. 

Use of Uracil-2-C™ in Presence of Aminobutyrate—In another 
experiment, carried out at the same time as the one just described 
and under similar conditions, DL-a-aminobutyric acid was added 
to the growth medium containing the uracil-2-C™, 
dicated in Table I, the labeling of the RNA pyrimidines was 
markedly below that obtained with uracil-2-C™ alone. 


Incorporation of Propionate-2-C into Pyrimidines—Previous | 


work (2) had demonstrated that propionate and certain other 
related compounds could satisfy the pyrimidine requirement of 
the mutant in a manner similar to that of aminobutyrate. The 
suggestion that this phenomenon involved the use of propionate 
as a source of carbon atoms of the pyrimidine ring has now been 
confirmed in tracer experiments with sodium propionate-2-C™ 
The result of these experiments (Table II) indicate the incor- 
poration of C™ from the propionate into the RNA pyrimidines 
is relatively high compared to the incorporation into the purines. 
Again, however, considerable dilution of the precursor took 
place, and the RNA pyrimidines were labeled only to the extent 
of about 33% of the precursor labeling. 

Use of Uracil-2-C™ in Presence of Propionate—Further evidence 
concerning the use of propionate as a pyrimidine precursor was 
obtained from a competition experiment in which the mold was 
supplied both uracil-2-C™ and unlabeled propionate. Table II 
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TABLE | 


Radioactivities of RNA _ pyrimidines of Neurospora crassa 1298 
grown on uracil-2-C'* or on uracil-2-C™ and 


aminobutyrate 

Supplement® | RNA base isolated | Radioactivity 

| 
c.p.m./pmole 
Uracil-2-C' __. cytosine 2.1 X 10% 
uracil 2.0 X 
Uracil-2-C™......... cytosine | 1.2 K 

+ | | 
| uracil | 1.4 


* Each flask, 20 in all, contained 25 ml of basal medium supple- 
mented with 10 mg of uracil-2-C'* with an activity of 2.5 X 10* 
c.p.m. per ymole. The second set of 10 flasks also contained 10 
mg of unlabeled DL-a-aminobutyric acid. The incubation period 
was 5 days. 


provides the data which demonstrate that the presence of the 
propionate markedly reduced the use of uracil-2-C™ for RNA 
pyrimidine production. 

Use of Uracil-2-C™ in Presence of Arginine—The amino acid, 
L-arginine, has been shown to inhibit strikingly the growth of 
the mold with either aminobutyrate or propionate as the growth- 
promoting supplement, to inhibit growth to a minor degree with 
uracil, and to have no effect with uridine.t. These results in- 
dicate that arginine interferes with an early stage of RNA py- 
rimidine formation from the aliphatic acids. In an investigation 
of this phenomenon the effect of arginine on the use of uracil- 
2-C' was examined. It was found (Table IV) that the presence 
of arginine led to a relatively greater use of the labeled uracil 
for RNA pyrimidine production. With arginine present the 
RNA pyrimidines had activities essentially the same as that of 
the precursor; with arginine absent, again considerable dilution 
was found. 


DISCUSSION 


The mutant organism, .V. crassa 1298, appears to be capable 
of synthesizing pyrimidines by an alternate, adaptive route in- 
volving simple compounds such as L-a-aminobutyrie and pro- 
pionic acids. These conclusions have been based chiefly on the 
results of growth studies (1, 2). Although tracer experiments 
with aminobutyric acid-3-C™ (3) showed that the pyrimidines 
formed were labeled to a considerably higher degree than other 
mycelial constituents, the conclusion that the aminobutyrate 
was indeed a specific pyrimidine precursor was clouded by the 
finding that considerable dilution of the radioactive carbon had 
occurred, 

The present finding that the use by the mold of uracil-2-C™ 
for RNA pyrimidine formation is considerably decreased in the 
presence of unlabeled aminobutyrate provides good support for 
the suggested role of aminobutyrate. The results were those to 
be expected under conditions where the organism was provided 
with two compounds, both capable of being converted to RNA 
pyrimidines. 

Propionic acid, too, has now been demonstrated to serve as a 


‘J. L. Fairley, R. L. Herrmann, and J. M. Boyd, unpublished 
data. A preliminary report of these observations was presented 
at the meeting of the American Chemical Society in New York, 
September 1954. 
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TABLe Il 


Radioactivity of RNA bases of Neurospora crassa 
1298 after growth on propionate-2-C™ 


Radioactivity 
RNA base isolated — 
Experiment 1* | 


c.p.m. /pmole 
Cytosine . 4.1 xX 10° 4.4 10' 
4.2 4.7 X 10' 
Guanine. 1.0 10‘ | 2.0 K 10* 


* In each experiment, each of 10 flasks with 25 ml of basal me- 
dium was supplemented with 10 mg of sodium propionate-2-C"*. 
In Experiment | the specific activity of the propionate was 1.25 
10°, and in Experiment 2, 1.45 & 10° ¢._p.m. per umole. Incuba- 
tion was for 5 days. 


Tasie Ill 
Use of uracil-2-C™ for RNA pyrimidine formation 
in presence of propionate 


Supplement* RNA base isolated 


| Radioactivity 


c.p.m./pmole 


Uracil-2-C™.... cytosine 2.2 X 10° 


Uracil-2-C™ + propionate cytosine 1.45 10! 


* Each of 20 flasks containing 25 ml of basal medium was sup- 
plemented with 10 mg of labeled uracil with an activity of 2.5 < 
10* ¢.p.m. per gmole. The second set of 10 flasks also contained 
10 mg of unlabeled sodium propionate. Incubation was for 5 
days. 


TasBLe IV 
of uracil-2-C"™ for RNA pyrimidine 
synthesis in presence of arginine 


Radioactivity 
RNA base 


Supplement isolated 


Experiment 1* Experiment 2* 


c.p.m./psmole 


Uracil-2-C' cytosine 14x 10* 1.6 X 104 


Uracil-2-C' + arginine. cytosine 1.9 10* | 2.05 < 10° 


* Each of 20 flasks containing 25 ml of basal medium was sup- 
plemented with 10 mg of uracil-2-C'*. In Experiment 1, the ac- 
tivity of the uracil was 1.9 X 10‘ and in Experiment 2, 2.1 « 10* 
¢.p.m. per ymole. Each of the second set of 10 flasks also con- 
tained 10 mg of L-arginine. The incubation period was 5 days. 


pyrimidine precursor by experiments similar to those used with 
aminobutyrate. As with aminobutyrate, considerable dilution 
of the propionate-2-C™ took place during the incorporation of the 
labeled carbon into the RNA pyrimidines; however, again the 
pyrimidines were labeled to a much greater extent than were the 
purines. The addition of unlabeled propionate to the growth 
medium containing uracil-2-C"™ also led to a large decrease in the 
use of uracil for RNA pyrimidine formation. These data make 
it quite clear that propionate can be used by the mold as a rela- 
tively direct source of carbon atoms for pyrimidine synthesis. 
In these experiments the dilution of the precursor carbon has 
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been a point of concern, for it indicated that both aminobutyrate 
and propionate, or a derivative of these compounds, could be 
synthesized by the mold during growth. The same general re- 
sult was obtained with uracil-2-C" as the pyrimidine source, 
although the observed dilution was of lower magnitude. Mce- 
Nutt (6) has reported similar findings in experiments with 
randomly labeled cytidine and a related Neurospora mutant. 

It is possible to explain these confusing data if one assumes that 
the wild-type Neurospora is capable of synthesizing pyrimidines 
by two unrelated pathways, and that, when one route is blocked 
by genetic alteration in the mutant, the remaining route is not 
normally capable of forming pyrimidines at a rate commensurate 
with growth. When pyrimidine compounds such as uracil or 
cytidine are supplied to the mutant and growth ensues, the 
second path apparently can yield pyrimidines to an extent of 
about 20% of those incorporated into the RNA. This second 
route must utilize one of the general carbon sources of the me- 
dium, sucrose and tartrate. 

The growth-promoting abilities of propionate, aminobutyrate, 
and other such compounds would appear, therefore, to be related 
to a stimulation of this second route, possibly through an adap- 
tive increase in the enzymes involved in this process. The 
effect of arginine would certainly seem to indicate that the gen- 
eral carbon sources of the medium and the supplementary pro- 
pionate and aminobutyrate are used by a common pathway. 
Arginine, it will be recalled, completely inhibits the growth of 
the mutant on the aliphatic acids and now has been shown to 
eliminate the dilution of isotopic carbon when uracil-2-C" is the 
source of the RNA pyrimidine. 

The nature of this second route remains unknown, but it may 
be suggested that it involves the formation of propionyl-CoA 
from succinyl-CoA of the tricarboxylic acid cycle and the sub- 
sequent use of the propionyl compound by means of 8-alanyl- 
CoA, 8-alanine ribotide, ureidopropionic acid ribotide, and di- 
hydrouracil ribotide (2, 7). 

Another unanswered question is the significance of this alter- 
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native route of pyrimidine biogenesis, whatever the details of 
the pathway may be, in the wild-type Neurospora and in other 
organisms as well. The inhibitory effect of arginine upon this 
synthetic process is currently being studied. The possibility 
that the presence of large amounts of arginine in dormant or- 
ganisms? is related to the inhibition of RNA pyrimidine forma- 
tion is a fascinating one. 


SUMMARY 


Tracer experiments concerning the incorporation of uracil- 
2-C™ into the ribonucleic acid pyrimidines of Neurospora crassa 
1298 have been performed. The results indicate that this py- 
rimidineless mutant is capable of synthesizing pyrimidines de 
novo to an appreciable extent. The presence of either propionate 
or aminobutyrate decreased the use of labeled uracil for pyrim- 
idine formation, indicating that these acids can be used as py- 
rimidine precursors by the mold. In other experiments pro- 
pionate-2-C™ was shown to give rise to highly labeled pyrimidines, 
confirming its use as a pyrimidine precursor. On the basis of 
these results it is suggested that \. crassa synthesizes pyrim- 
idines by two routes. With one route blocked by mutation, the 
remaining route is incapable of supporting growth unless it is 
stimulated by the presence of propionate or related compounds. 
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Various forms of folic acids have been isolated from liver. 
These include pteroylglutamic acid (1, 2), N°-formylfolic acid 
(3), and citrovorum factor (4). The isolation of all these com- 
pounds, however, has been contingent on autolysis of the tissue 
before extraction. Chang (5) showed that a hot water extract 
of unautolyzed horse liver stimulated the growth of Streptococ- 
cus faecalis R and Leuconostoc citrovorum SOS1 (Pediococcus cere- 
visiae) only to the extent of 2% of the total available growth- 
promoting material in liver. The latter, extracted from liver 
that has been incubated under appropriate conditions, amounts 
to about 20 ug of CF-like material per gram of liver, when as- 
sayed against calcium-CF. The conditions for maximum CF 
yields suggested that CF is formed from endogenous precursor 
or precursors. 

In the present investigation a method in which autolysis was 
avoided was developed for the preparation from horse liver of a 
concentrate containing a precursor of CF (designated “‘prefolic 
A”). Evidence will be presented to show that prefolic A, a 
compound which does not support the growth of L. citrovorum 
8081, is converted to CF by two separate enzyme systems. First, 
in the presence of a suitable hydrogen acceptor, prefolic A is con- 
verted to tetrahydrofolic acid by a FAD-linked enzyme system. 
Then, in the presence of transformylase (6) and a suitable formyl] 
donor, tetrahydrofolic acid is formylated to CF. 


Materials and Method 


The CF used was the barium salt isolated from horse liver (4). 
Tetrahydrofolic acid was a generous gift from Dr. H. Tabor. 
Aminopterin, Amethopterin, 2,5-dichloro-Amethopterin, and 
Daraprim were supplied by Dr. T. H. Jukes. N-Formy]-t-glu- 
tamic acid was synthesized by the procedure of Tabor and Meh- 
ler (7). CF-glutamate-transformylase was prepared by the 
method of Silverman et al. (6). 

Prefolic A Assay by Conversion to CF —Prefolic A was assayed 
microbiologically with L. citrovorum after its conversion to CF. 
A suitable aliquot of the material was incubated, with an excess 
of a 50% (NH4)2SO, fraction? of a cold water extract of hog liver 
homogenate. The incubation mixture had a total volume of 2 


The abbreviation used is: CF, citrovorum factor (N*-formyl- 
pterovl-L-glutamic acid). 

? This crude enzyme preparation contains, in addition to tetra- 
hydrofolic acid-forming enzyme, an excess of transformylase. 
Further addition of the latter enzyme was therefore not necessary 
for the complete conversion of prefolic A to CF by this prepara- 
tion. 


ml which contained, in addition to the enzyme preparation and 
prefolic A, 0.4 ml m/3 phosphate buffer, pH 6.6, 25 mg of sodium 
ascorbate, 3 mg of formylglutamate, 20 ug of FAD, and 200 yg 
of indigo disulfonate. The reaction, carried out in nitrogen at 
37° in a Dubnoff metabolic shaker, was complete in less than 1 
hour. 

The reaction was stopped by first diluting to 10 ml with water, 
then by heating in boiling water for 5 minutes. After further 
dilution, CF was assayed by the procedure of Silverman et al. (6). 

Characterization of CF—The end product of the reaction was 
characterized as CF by spectral comparison of the acidified prod- 
uct with that of an acidified sample of authentic CF. The iden- 
tity of the enzymatic reaction product was confirmed by paper 
chromatography in 5°% aqueous NaH,PO, and in 5°% aqueous 
NaH,.PO, saturated with chloroform (8). 

Prefolic A Conversion to Tetrahydrofolic Acid and Assay of 
Latter—Prefolic A was also assayed microbiologically after its 
conversion to tetrahydrofolic acid. The incubation mixture was 
the same as that described above for prefolic A conversion to CF, 
except that formylglutamate was omitted. The reaction was 
stopped by first diluting to 10 ml! with a solution of ascorbic acid 
(6 mg per ml) adjusted to pH 6.5 with KOH and then by heat- 
ing in boiling water for 5 minutes. The tetrahydrofolic acid ac- 
tivity of the samples was determined after suitable dilution in 
ascorbate solution (6 mg per ml). Addition of the diluted sam- 
ples was made aseptically to 9 ml of 10:9 strength media. Suffi- 
cient sterile ascorbate solution (6 mg per ml) to bring the volume 
of each assay tube to 10 ml was added aseptically. All tubes 
were then inoculated with the test organism (L. citroverum) in 
the usual manner (6). The standard was the calcium salt of 
natural CF in ascorbate solution (6 mg per ml). Since no formy] 
donor was added to the enzymatic reaction mixture, no correec- 
tion was made for anhydro-CF and N'°-formyltetrahydrofolic 
acid (6). 

Characterization of Tetrahydrofolic Acid—The product formed 
in the absence of formylglutamate, of CF-glutamate-transformy]- 
ase (Fraction C, Table III), or of both, was characterized as tetra- 
hydrofolie acid by its lability in the absence of ascorbic acid, its 
ability to be formylated to CF, and its lower activity compared 
to CF in stimulating the growth of L. citrovorum 8081. 

Further investigation of the latter observation (Table I) re- 
vealed that enzymatic formylation of chemically prepared tetra- 
hydrofolic acid is accompanied by a more than 2-fold increase in 
growth-promoting activity. Similarly, enzymatic removal of 
the formyl! group of CF to form tetrahydrofolic acid resulted in 


3235 


of 
her 
ity 
Or- 

cil- 
py- 

ate | 
im- 
py- 
| es, 

of 
im- 
the 
t is 
ids. 
siol. 

1109 
5, 
cla, 


3236 


TABLE I 


Relative growth activity of citrovorum factor (CF) and tetrahydrofolic 
acid (folate-H,) for Leuconostoc citrovorum 8081 

In Experiments | and 2 a suitable aliquot of a solution of tetra- 
hydrofolie acid in ascorbic acid solution (6 mg/ml) was added to 4 
vessels containing 0.4 ml M/3 phosphate buffer, pH 6.6, 25 mg so- 
dium ascorbate, and an excess of CF-glutamate-transformylase. 
To two vessels were added 3 mg of formylglutamate. 

In Experiments 3 and 4 a suitable aliquot of an aqueous solution 
of calcium-CF was added to 4 vessels, containing buffer, ascorbic 
acid, and enzyme as above. To two vessels were added 25 mg of 
sodium glutamate. 

In Experiments 5 and 6 prefolic A was added to 4 vessels con- 
taining, in addition to phosphate buffer, transformylase and as- 
corbie acid, 20 ug FAD, 200 ug indigo disulfonate, and 8 units of 
tetrahydrofolic acid-forming enzyme. Three milligrams of for- 
mylglutamate were added to two of the vessels. 

After dilution with water to 2 ml, all mixtures were incubated 
in nitrogen for 1 hour at 37° and assayed for tetrahydrofolic acid 
and CF. 


CF activity 


Experiment No.| 


| Activity ratio, 


Initial compound | 


| Folate-Hs CF :folate-Hy 
| | ue | ME | 

2 | Pelate-H, | 11.4 | 2.0 

3 CF | 6.6 | 15.7 2.4 

4 CF | 11.4  - 2.4 

5  -Prefolic A 15.0 33.6 2.2 

6 | Prefolie A 16.8 43.0 | 2.6 


over a 2-fold decrease in growth stimulation. These results are 
in agreement with the data of Shioto (9). 

During the course of these experiments, it@was observed that 
the growth-stimulating ability of tetrahydrofolit acid for L. citro- 
vorum varied as the pH of the basal medium was varied. For 
example, with basal medium at pH 6.3, 6 wg of tetrahydrofolic 
acid gave an assay value of 3.2 ug (with CF as standard). How- 
ever, at pH 5.3 and 7.15 the values were 4.85 and 0.80 yg, re- 
spectively, for 6 wg of tetrahydrofolic acid. All values reported 
in this paper were obtained with a basal medium of pH 6.3. 

Protein Determination—Protein was determined by the method 
of Lowry et al. (10) with bovine serum albumin as the standard. 


EXPERIMENTAL 


Preparation of Prefolic A Concentrate—Commercial frozen 
horse liver was sawed while frozen into strips of 4 & 4 inch cross- 
section. Sixteen kilograms of such strips were divided into 21 
equal portions. Each portion was homogenized for 5 minutes in 
a large Waring Blendor with 76 ml of freshly prepared 10° as- 
corbic acid solution and 1924 ml of distilled water at 5°. The re- 
sultant suspensions were stored in an ice bath until the homoge- 
nization of the batch was complete. The slurry then was 
dumped into a 60-gallon, steam-jacketed, stainless steel kettle 
containing 116 liters of tap water at 85°. During this addition 
the suspension was stirred vigorously; the temperature at this 
point varied from 55 to 61°. The rate of stirring was reduced 
immediately and the batch heated in 10 to 11 minutes to 85°. 
The hot slurry was filtered rapidly in a filter press, with Hyflo 
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Super-Cel as precoat and filter aid, and the cake was washed 
with 38 liters of 50 to 60° tap water. The total filtration time 
was 5 minutes. Due to instability of prefolic A at this stage, the 
time schedule was followed closely. 

To the combined filtrate and washings (208 liters (71-73°)), 
1000 g of Darco 851 were added as an aqueous slurry and the 
suspension was stirred gently by hand for 1 minute. Hvyflo 
Super-Cel was added, the slurry was rapidly filtered with a filter 
press, and the cake was washed with 38 liters of hot tap water, 

The charcoal cake was suspended promptly in 20 liters of abso- 
lute ethyl alcohol (denatured Formula 2B) containing 240 ml 
of concentrated NH,OH at room temperature. This suspension 
was stirred by hand to break up any lumps and filtered promptly 
on Buchner funnels. The filtrates were chilled immediately, 
The combined charcoal cakes were washed by resuspension in a 
mixture of 10 liters of absolute aleohol (denatured Formula 2B) 
and 120 ml of concentrated NH,OH, and refiltered, and the fil- 
trates chilled. The combined extracts were concentrated to 2 
liters under reduced pressure at 15-17°, and the pH of the con- 
centrate was adjusted with concentrated NH,OH to 8.5 to 9.5. 

Concentrates from 8 preparations were accumulated and stored 
under refrigeration. These were combined and concentrated un- 
der reduced pressure (<20°) to 1.6 liters. Concentrated NH,OH 
was added to bring the pH to 8.5 to 9.5 followed by 2 volumes of 
cold methanol. After storage overnight in a cold room (3-5°), 
the clear supernate was recovered by centrifugation at 2-4°. 
This was then concentrated under usual conditions to 1.6 liters, 
concentrated NH,OH again added to pH 8.5 to 9.5, and then 9 
volumes of cold acetone. After chilling, there precipitated an 
insoluble gum containing the prefolic A; this was recovered by 
centrifugation and dissolved in water. 

The resulting concentrate was purified further by chromatog- 
raphy on Alumina columns (pH 6.0 to 6.5) at 3-5°.  One-fourth 
of the concentrate was acidified to pH 6.0 to 6.5 at 0°, freed 
from the precipitate which formed, and adsorbed on a 300-g 
Alumina (pH 6.0 to 6.5) column prepared in water in a cold room. 
The column was washed well with distilled water and the active 
material was eluted with dilute NH,OH (1:10); the effluent was 
collected in approximately 10-ml fractions. Tubes in which the 
fractions were collected contained 0.2 ml of a neutralized solution 
of 7.5°7 ascorbic acid. The greatest vield of active material 
was usually found in the fractions which had a pH in the region 
of pH 8.0 to 9.5. After sampling and assay, the active fractions 
were frozen, in which form no loss of activity was observed for at 
least a vear. The most active fraction was 3 to 4°% pure by dry 
weight on the basis of conversion to CF. 

Purification of Hog Liver Tetrahydrofolic Acid-forming Enzyme 
—With the prefolic A concentrate as substrate, the enzyme was 
purified about S-fold from commercially frozen hog liver. Hog 
liver was used as the enzyme source mainly because it has been 
shown (5) to contain less potential CF per gram than horse liver. 
An enzyme unit is defined as the amount of enzyme which will 
produce 2.3 wg of tetrahydrofolic acid from prefolic A when in- 
cubated for 1 hour in nitrogen at 37°. The incubation mixture 
is that described under prefolic A conversion to tetrahydrofolie 
acid and assay of the latter, and contained prefolic A equivalent 
to 35.0 ug of tetrahydrofolic acid and 1 to 3 units of enzyme. 

For the purification procedure, 230 g of frozen liver was ground 
three times in a food grinder and refrozen and then was cut into 
thin slices while still in the frozen state. The slices were sus 
pended in 1000 ml of cold water and stirred mechanically at room 
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temperature until the temperature of the slurry reached 1°. The 
mixture was placed in an ice bath and stirred for an additional 30 
minutes. Connective tissues and the coarse particulate fraction 
were removed by centrifugation at 10,000 x« g, for 10 minutes. 
The centrifugation and all subsequent procedures were carried 
out at 0-5°. The supernatant solution (Fraction 1, volume 1090 
ml) was adjusted to pH 5.0 with acetic acid. After 20 minutes, 
the heavy precipitate was recovered by centrifugation at 
25,000  g for 10 minutes (Fraction 2), and suspended in water 
by grinding in a TenBroeck glass homogenizer. The suspension 
was adjusted to pH 7.2 with KOH ‘and frozen (volume 460 ml). 
The frozen suspension was thawed and readjusted to pH 7.2 
with KOH at 0°. Solid ammonium sulfate was added to 30° 
saturation and after 20 minutes, the precipitate was removed by 
centrifugation at 25,000 x g for 10 minutes, washed with 30°; 
saturated ammonium sulfate, and discarded. Solid ammonium 
sulfate was added to the combined supernatant solution and wash 
(volume 600 ml) to a final concentration of 50° saturation. Af- 
ter 20 minutes the precipitate was removed by centrifugation, 
made up in water (100 ml), adjusted to pH 7.0, and dialyzed 
overnight against 12 liters of distilled water at 3-5° to give Frae- 
tion 3. A summary of the purification is given in Table II. At 
the final stage of purification the enzyme preparation has a 
yellow greenish color and is stable for at least 6 months at — 15”. 

Separation of CF-glutamate-transformylase from Tetrahydrofolic 
Acid-forming Enzyme—To 160 ml of the partially purified enzyme 
(Fraction 3, Table IL) solid ammonium sulfate was added to 40°; 
saturation. After 30 minutes at 0°, the precipitate was removed 
by centrifugation and extracted two times with 0.01 Mm phosphate 
buffer, pH 5.4. The combined extracts (Fraction B, volume 50 
ml) were adjusted to and maintained at pH 8.0 with KOH while 
solid ammonium sulfate was added to 50°; saturation. After 30 
minutes, the precipitate was collected by centrifugation, washed 
twice with 30 ml of 50°7 saturated (NH,)2S8O0,, pH 8.0, and dis- 
solved in water (Fraction C). The data summarized in Table 
II] showed that, although the final preparation contained over 
26°, of the original tetrahyvdrofolic acid-forming enzyme, it con- 
tained less than 3°; of the original CF-glutamate-transformy lase 
activitv. The above procedure did not effect any significant 
change in the specific activity of the tetrahydrofolic acid-forming 
enzyme. 

RESULTS 

The dependence of reaction rate on protein concentration is 
shown in Fig. 1. The diminished rate of formation of CF at 
low protein concentration suggested the presence of an essential 
cofactor in the liver preparation. The addition of boiled enzyme 
to the reaction mixture resulted in an immediate stimulation of 
the reaction rate. This stimulation was enhanced to an even 
greater extent when FAD was added instead of boiled enzyme. 

The effects of increasing amounts of boiled enzyme and FAD 
are shown in Fig. 2. The system is 50°; saturated with 2.0 ug 
of FAD or 0.05 ml of boiled enzyme, which contained 1.9 ug of 
flavin determined microbiologically (11). Riboflavin phosphate 
was completely ineffective in replacing FAD as cofactor in the 
enzymatic conversion of prefolic A to CF. 

The absolute requirement for FAD and a formyl! donor in the 
conversion of prefolic A to CF suggests the possibility of at least 
two separate reactions, the first being the conversion of prefolic A 
to tetrahvdrofolic acid, then formylation of the latter to form 
CF. This possibility was tested by omitting the formyl] donor 
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Taste Il 
Purification of hog liver tetrahydrofolic acid-forming enzyme 
Total Total Specific 
Fraction 4 Yield 
1. Crude extract 80,660 30,089 2.67 100 
2. pH 5.0 precipitate 69,000 18,717 3.80 S6 
3. 0.3-0.5 saturated (NH,).S0, | 
fraction (dialyzed) 39, 000 1,990 20.00 45 
TaBLe III 


Separation of CF-glutamate-transformylase from tetrahydrofolic 
acid (folate-H,)-forming enzyme 


Total units Ratio 
|  Folate-He- 
enzyme — transferase | trans 
| formylase 
A. Partially purified enzyme > | 
(Fraction 3, Table ID)... 13,600 240 1.30 
B. pH 5.4 extract of 0.4 satu- | | 
rated (NH,).SO,. 10,750 8,900 1.20 
C. pH 8.0, 0.5 saturated »- | 
SO, | | 260 


3,640 


O 170 340 SIO 680 


jig. PROTEIN 


Fic. 1. The effect of boiled enzyme and FAD on the formation 
of CF from prefolic A. The reaction was carried out in an atmos- 
phere of oxygen at 37° for 1 hour. The reaction mixture is as de- 
scribed under prefolic A assay by conversion to CF, except for 
the omission of indigo disulfonate; prefolic A equivalent to 80 ug 
of CF by assay was used. FAD (20 ug) and boiled enzyme (equiv- 
alent to 3 mg of enzyme protein) were added where indicated. 
The enzyme preparation was Fraction 3, Table Il. 4&——A, 


FAD; O——O, boiled enzyme; @—-—-@, no addition. 


from the reaction mixture and assaying for tetrahydrofolic acid. 
The results revealed that in the absence of a formy! donor there 
was formed a microbiologically active compound which was 
characterized as tetrahydrofolic acid. The tetrahydrofolie acid- 
forming enzyme was separated from the transformylase in the 
manner described under experimental. With the enzyme now 
comparatively free from transformylase and a preparation of the 
latter enzyme (6), the requirements for the conversion of prefolic 
A to tetrahydrofolic acid and subsequently to CF were investi- 
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Fic. 2. The effect of increasing amounts of boiled enzyme, FAD 
and riboflavin phosphate on the formation of tetrahydrofolic 
acid. The reaction mixture contained, in addition to buffer, as- 
corbic acid, and indigo disulfonate (as described under prefolic A 
conversion to tetrahydrofolic acid and assay of the latter), pre- 
folic A concentrate equivalent to 35 wg of tetrahydrofolic acid by 
assay, and 5 units of tetrahydrofolic acid-forming enzyme (Frac- 
tion 3, Table 11). Boiled enzyme, FAD or riboflavin phosphate 
was added as indicated. The amount of flavin in the boiled en- 
zyme was determined microbiologically (11). O——-O, FAD; 
A——A, boiled enzyme; riboflavin phosphate. 


Tasie 

Requirements for tetrahydrofolic acid (folate-H,) and CF synthesis 

The complete system contained 0.4 ml M/3 phosphate buffer, 
pH 6.6, 25 mg sodium ascorbate, 20 ug FAD, 3 mg formylgluta- 
mate, 8 units of folate-H,y-forming enzyme freed from trans- 
formylase (Fraction C, Table III), an excess of CF-glutamate- 
transformylase, and prefolic A equivalent to 35 ug tetrahydrofolic 
acid by assay, in atotal of 2ml. The reaction was carried out in 
an atmosphere of oxygen at 37° for 1 hour. Omissions are as in- 


dicated. 
System | Folate-H«® | CF 
ue 

Minus 4.600 | 0.150 
Minus FAD. eVeae 0.250 | 0.245 
Minus 4.945 0.135 
Minus perfolic A.. 0.018 | 0.013 
Minus folate-H,- forming enzyme. a | 0.156 | 0.160 


* These values were obtained by multiplying the observed 
values by 2.3 (see Table I). 


gated. The results in Table IV indicate that in the complete 
system all the tetrahydrofolic acid formed is converted to CF. 
However, in the absence of the transformylase or of formylglu- 
tamate, essentially no CF is formed, whereas, tetrahydrofolic 
acid formation is unaffected. The marked decrease in formation 
of both tetrahydrofolic acid and CF in the absence of added 
FAD, together with the evidence presented earlier, supports the 
view that tetrahydrofolic acid formation is catalyzed by a FAD- 
linked enzyme system. 

Requirement for Electron Acceptor—Since flavin enzymes are 
concerned mainly with oxidation-reduction reactions mediated 
through suitable electron acceptors and donors, the influence of 
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oxygen and other electron acceptors on the reaction rate was ex- 
amined. The results from these experiments are shown in Ta- 
ble V. When the reaction is carried out under nitrogen with 
catalytic amounts (2 wg) of FAD and no hydrogen acceptor, only 
2.3 wg of tetrahydrofolic acid are formed. In the presence of 
oxygen, the rate of formation of tetrahydrofolic acid is stimu- 
lated about 3-fold. Indigo disulfonate and triphenyl tetrazo- 
lium, the most effective electron acceptors tested, stimulated the 
reaction rate 13- and 9-fold, respectively. Dye reduction was 
not observed when the reaction was run anaerobically in the 
Beckman spectrophotometer with as much as 10 units of enzyme 
and prefolic A equivalent to 100 yg of tetrahydrofolic acid, 
However, dye reduction was observed in Thunberg tubes when 
the reaction was allowed to proceed for several hours at 37°, 
Further evidence regarding the role of the dyes was obtained by 
running the reaction in the presence of reduced indigo disulfonate 
(Table V1). When sodium hydrosulfite was added anaerobically 
to the reaction mixture, essentially no tetrahydrofolic acid was 
formed. However, when the dye was reoxidized by introducing 
oxygen into the tube after 60 minutes of incubation, the forma- 
tion of tetrahydrofolic acid at rates comparable to that of the 
control was observed. 

Role of Reducing Agents in Formation of Tetrahydrofolic Acid 
and CF from Prefolic A—The effect of various reducing agents 
on the formation of tetrahydrofolic acid and CF from prefolic A 
is shown in Table VII. The results of these experiments are in- 
terpreted to mean that the reducing agents are acting as non- 
specific stabilizers of the tetrahydrofolic acid which is believed 
to be the intermediate in the over-all conversion of prefolic A 
to CF. 

In nitrogen, the tetrahydrofolic acid and CF values were 
essentially the same in the presence of ascorbic acid, GSH, mer- 
captoethanol, or cysteine. Therefore, under these conditions, 
the highly labile tetrahydrofolic acid formed from prefolic A was 
stable and could be assayed either as tetrahydrofolic acid or as 
stable CF after formylation. However, in oxygen with the same 
reducing agents present much less tetrahydrofolic acid was found 
by direct assay. Formylation of the tetrahydrofolic acid during 
its formation affords partial protection against oxidation, and 


TaBLe V 


Effect of oxygen and various dyes on formation of tetrahydrofoli 
acid (folate-H,) from prefolic A 

The reaction mixture contained 0.4 ml M/3 phosphate buffer, 
25 mg sodium ascorbate, prefolic A equivalent to 35 ug tetrahydro- 
folic acid by assay, about 12 units of enzyme (Fraction 3, Table 
11), 200 we of each dye, and 2yg of FAD. All experiments were 
carried out in an atmosphere of nitrogen, except when oxygen was 
used as the hydrogen acceptor. The reactions were run for |! 


hour at 37°. 
Hydrogen acceptors | Fo! Folate-H«* 
| | ue 

| 2.30 
| 6.60 
Tetrazolium. | —0.08 20.93 
Indigo disulfonate. . —0.125 29.90 
SafraninO............. | —().289 | 8.28 
Benzyl viologen......._ —0.359 7.48 


* These values were obtained by multiplying the obse 
values by 2.3 (see Table 1). 
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the CF values were substantially higher than the tetrahydrofolic 
acid values. 

In the absence of the reducing agents, the reactions in nitrogen 
proceed in the same manner as the reactions carried out in oxy- 
gen and in the presence of a suitable reducing agent. However, 
in oxygen and the absence of a reducing agent, both tetrahydro- 
folic acid and CF values are substantially reduced. 

The inability of homocysteine to serve as a suitable protective 
agent in the present system may be due to its low solubility in 
water. The homocysteine was added as a suspension to the re- 
action mixture. 

Effect of Incubation Time—The formation of tetrahydrofolic 


Tasie VI 


Effect of reduced and oxidized dye on formation of 
tetrahydrofolic acid (folate-H,) 


The reactions were carried out under reduced pressure in Thun- 
berg tubes. Initially, prefolie A equivalent to 35 ug tetrahydro- 
folic acid by assay and 5 units of enzyme (Fraction 3, Table ID 
were placed in the side arm. The other components of the reac- 
tion mixture (placed in the main chamber) were as described un- 
der prefolic A conversion to tetrahydrofolic acid and assay of the 
latter. After evacuation, sufficient sodium hydrosulfite solution 
was drawn into the main chamber through the inlet to decolorize 
the indigo disulfonate. The tubes were then incubated for the 
designated time periods. After 60 minutes one tube was opened 
and shaken in air until the dve was reoxidized. This tube was 
then evacuated and incubated for an additional 30 minutes to- 
gether with its control. The reactions were run at 37°. 


Additions Incubation time Folate-H,* 
min. ue 
Complete | 60 0.30 
Complete + NaS.O, .. 90 0.30 

Complete + Nad.Oy..... 60 4.62 


* The values were obtained by multiplying the observed values 
by 2.3 (see Table I). 


TasLe VII 


Effect of various reducing agents on stabilization of tetrahydrofolic 
acid (folate-H,) formed from prefolic A 

The reactions were carried out in nitrogen or oxygen as indi- 
eated. The reaction mixture contained prefolic A equivalent to 
35 wg tetrahydrofolic acid by assay, 8 units of enzyme (Fraction 3, 
Table Il), excess transformylase, and 3 mg of each reducing agent 
where indicated. Other additions are as described under prefolic 
A conversion to tetrahydrofolic acid, and to CF, respectively. 


Nitrogen Oxygen 
Reducing agent | 

Folate-H«* CF | Folate-Hy* CF 

Eee ay 3.79 10.65 1.89 2.20 
Ascorbic acid. ..... 16.22 16.50 4.83 14.70 
15.76 15.90 2.87 11.10 
Mercaptoethanol..... 15.52 15.30 7.20 14.40 
Cysteine.............| 17.84 17.70 2.53 13.20 
Homocysteine... 3.45 12.00 1.80 2.10 


* These values were obtained by multiplying the observed 
values by 2.3 (see Table I). 
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Fic. 3. Time course of reactions: The reaction mixture con- 
tained prefolic A equivalent to 70 ug of tetrahydrofolic acid by as- 
say, about 15 units of enzyme Fraction 3, Table II, and an excess 
(20 units) of CF-glutamate-transformylase. Other additions are 
as described under prefolic A assay for conversion to CF and tetra- 
hydrofolic acid, respectively. The values shown are the actual 
values obtained when assayed for tetrahydrofolic acid and CF 
using CF as standard. The reaction was carried out in nitrogen 
at 37°. 


005 T 
= F 
Km=2.62XxI0" 
3 
0 30 §0 90 
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INITIAL CONC. "PFA" zMOLES / ML. 


Fic. 4. The effect of increasing substrate concentration on the 
formation of tetrahydrofolic acid. The reaction mixture con- 
tained about 4 units of enzyme Fraction 3, Table II, and prefolic 
A as indicated. Other additions are as indicated under prefolic A 
conversion to tetrahydrofolic acid and assay of the latter. The 
reaction was run for 15 minutes in nitrogen at 37°. 


acid from prefolie A is linear with time for periods up to at least 
120 minutes (Fig. 3). The formylation of the enzymatically 
formed tetrahydrofolic acid is also linear under the appropriate 
conditions. 

Effect of Substrate Concentration—The rate of formation of 
tetrahydrofolic acid increases with increasing substrate concen- 
tration over a wide range (Fig. 4). The data represent the rate 
during the first 15 minutes. Prefolic A is tentatively assigned a 
molecular weight of 500, based on the assumption that this com- 
pound is a reduced derivative of tetrahydrofolic acid. From 
the Lineweaver-Burke plot (insert Fig. 4), the K,, is calculated 
to be 2.62 10-° M. 

Effect of pH—The optimum pH for the formation of tetra- 
hydrofolic acid is 6.6 (Fig. 5). Formylation of tetrahydrofolic 
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Fic. 5. The dependence of enzyme activity on pH.. The reac- 
tion was carried out in an atmosphere of oxygen at 37° for 1 hour 
and contained no dye. The vessels contained prefolic A equiva- 
lent to 35 ug of tetrahydrofolic acid by assay and 1 unit of enzyme, 
Fraction 3, Table II; other additions are as described under pre- 
folic A conversion to tetrahydrofolic acid and assay of the latter. 


acid to CF by transformylase (Fraction C, Table III) also pro- 
ceeds optimally at pH 6.6. 

Inhibitors—The tetrahydrofolic acid-forming reaction is 50° 
inhibited by p-chloromercuribenzoate and cupric ion at concen- 
tration of | & 10-5 m and 100° inhibited at concentration of 
1 x 10-*m. The inhibition is reversed by sulfhydryl] compounds, 
such as GSH and cysteine. The possibility that copper inhibi- 
tion was a result of its catalysis of the destruction of ascorbic 
acid was ruled out by coupling the tetrahydrofolic acid-forming 
reaction with the formylating system, a condition during which 
ascorbic acid is not absolutely obligatory. The tetrahydrofolic 
acid-forming reaction was unaffected by cyanide at concentra- 
tions up to 1 X 10°? mM. p-Aminobenzoylglutamate and glu- 
tamate at 7.5 mg per ml of reaction mixture inhibited the for- 
mylating reaction, but were without effect on the tetrahyvdrofolic 
acid-forming system. 

Effect of Folic Antagonists—Folic acid antagonists, such as 
Aminopterin and Amethopterin, have been shown to be potent 
inhibitors of the enzyme system which reduces pteroylglutamic 
acid to tetrahydrofolic acid (12). These antagonists, as well as 
the 2,5-dichloro-Amethopterin and Daraprim, show no inhibi- 
tion of the conversion of prefolic A to tetrahydrofolic acid, even 
at concentrations of 50 wg per ml of reaction mixture. 


DISCUSSION 


It has been shown that the total available CF-like material of 
horse liver is in the order of 20 wg per gram of liver that has 
undergone autolysis under the appropriate conditions (5). One 
of the folic acid precursors (prefolic A) has been obtained from 
unautolyzed liver. It seems highly probable that a significant 
part of the folic acid of liver is present in precursors which ex- 
hibit very little microbiological activity for S. faecalis R and L. 
citrovorum organisms. 

Because of the instability of prefolic A, there are wide varia- 
tions in the over-all percentage recovery. However, the mate- 
rial generally obtained in the charcoal eluate concentrate had an 
activity equivalent to 5 wg of CF per gram of horse liver. Fur- 
ther isolation studies are under way. 

The observed conversion of prefolic A to tetrahydrofolic acid 
by an FAD-linked enzyme system establishes for the first time 
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the involvement of FAD in folic acid metabolism. Clapper and 
Meade (13) have shown that S. faecalis grown in minimal 
amounts of supporting medium with varying concentrations of 
folic acid synthesized riboflavin in proportion to the amount 
of folic acid present. The possibility that flavin compounds were 
involved as intermediates in the synthesis of tetrahydrofolie 
acid was ruled out in the present experiments, since only cata- 
lytic amounts of FAD were required. Moreover, riboflavin at 
concentrations of 25 ug per ml of reaction mixture was completely 
ineffective in replacing FAD in the conversion of prefolic A to 
tetrahydrofolic acid. 

The requirement for an electron acceptor in the conversion of 
prefolic A to tetrahydrofolic acid suggests that prefolic A is oxi- 
dized to form tetrahydrofolic acid. The site of oxidation, how- 
ever, is not known at this time. The pyridine nucleotides did 
not serve as electron acceptors in this system when used in place 
of the dyes at comparable concentrations. Folic acid antagonists 
were without effect in the conversion of prefolic A to tetrahvdro- 
folic acid. 


SUMMARY 


A method is outlined for the preparation of a concentrate of a 
citrovorum factor precursor (prefolic A) from horse liver.  Pre- 
folic A does not support the growth of Streptococcus faecalis or 
Leuconostoc citrovorum. Partial purification of a flavin adenine 
dinucleotide-linked enzyme system that forms tetrahydrofolie 
acid from prefolic A is described. Other requirements for the 
reaction in addition to flavin adenine dinucleotide are an electron 
acceptor, such as oxygen, indigo disulfonate, or tripheny| tetra- 
zolium, and ascorbic acid. The latter, which appears to act as 
a protective agent for tetrahydrofolic acid, may be replaced by 
cysteine, glutathione, or mercaptoethanol. Such reducing agents 
may be partially replaced by coupling the tetrahydrofolic acid- 
forming reaction to the tetrahydrofolic acid-formylating system 
(transformylase plus formylglutamate) in an atmosphere of nitro- 
gen. The end product of the coupled reaction has been identified 
as citrovorum factor. The conversion of prefolic A to tetrahy- 
drofolic acid is unaffected by several folic acid antagonists. 
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Further Studies on Vitamin B,, and Thymine Biosynthesis* 


JAMES S. DINNING AND Rutu S. YouNG 


From the Department of Biochemistry, University of Arkansas School of Medicine, Little Rock, Arkansas 


(Received for publication, August 6, 1959) 


Previous studies have demonstrated the involvement of 
vitamin By in the reduction of formate to the methyl group of 
thymine by Lactobacillus leichmannii (1) and by chick bone 
marrow cells (2). In the bacterial studies By. was not required 
for the utilization of several other precursors of the methyl group 
of thymine (1). The present study of the influence of vitamin 
By on the biosynthesis of the methyl group of thymine from 
formaldehyde and the 8-carbon of serine in bone marrow cells 
and from formaldehyde in L. leichmannii indicates that By. is 
not required for these reactions and suggests that the vitamin is 
specifically involved in formate reduction. 


EXPERIMENTAL 


The experiments with L. leichmannii were conducted as pre- 
viously described (1). 

The diets, handling of the chicks, and details of the bone 
marrow incubation procedures were previously described (2). 
With formaldehyde-C™ or C'-amino acids in the incubation 
mixture it was found necessary to subject the thymine to addi- 
tional purification before preparation of the acetol osazone for 
counting. After the 3-hour incubation the contents of the 
beakers were transferred to a 12-ml conical centrifuge tube, 
acidified with 1 drop of 3 nN HC] and 0.5 ml of 50° trichloroacetic 
acid, and heated 10 minutes in boiling water. After centrifuga- 
tion the precipitate was washed with | ml of H,O and the washing 
and supernatant solutions were combined in a 12-ml conical 
centrifuge tube. Approximately 50 mg of activated charcoal 
(Norit) were added to the solution which was then heated in a 
boiling H.O bath for 5 minutes with frequent stirring. The 
charcoal, which adsorbs thymine, thymidine, and thymidylic 
acid under these conditions, was washed in the centrifuge tube 
three times with 1 Nw HCI, | ml of 10°; pyridine was added, heated 
2 minutes in a boiling water bath, and centrifuged. The pyridine 
extraction was repeated three times and the supernatant solutions 
containing thymine, thymidine, and thymidylic acid were com- 
bined. Pyridine was removed by chloroform extraction and the 
water layer was taken for isolation of the acetol osazone of 
thymine. The hydrolysis with perchloric acid, addition of 
carrier, and formation of the acetol osazone were performed as 
previously described (2). This procedure did not result in 
complete recovery of added thymine. However, duplicate incu- 
bations yielded quite comparable results and since all samples 
were treated exactly alike it is felt that the comparative data are 
valid. 

For each incubation a duplicate incubation mixture was boiled 
immediately after addition of the reactants and carried through 


* This investigation was supported by Research Grant No. 
A-721 et seq. from the National Institutes of Health, United States 
Public Health Service. 


the isolation procedure. The counts obtained served as a control 
for enzyme activity and were subtracted as a blank. 


RESULTS AND. DISCUSSION 


The data in Table I are averages of 5 experiments, each utiliz- 
ing one chick from each group. Supplementation of the basal 
diet with folie acid led to an increased rate of thymine formation 
from C'-formaldehyde. This is in agreement with the known 
involvement of folic acid derivatives in this reaction (3, 4). 
Vitamin By. deficiency did not impair the utilization of formalde- 
hyde in the biosynthesis of the methyl group of thymine. The 
addition of vitamin By to By-deficient marrow cells did not 
increase the conversion of formaldehyde or of the B-carbon of 
serine to the methyl group of thymine as shown by the data in 
Table If. These results are in contrast to the results obtained 
with formate (2), in which By. both in vitro and in vivo stimulated 
the reduction of formate to the methyl group of thymine. 

From the data in Table III it may be seen that vitamin By 
is not required for the conversion of formaldehyde to the methyl 
group of thymine by L. leichmannii. Under the same conditions 
B12 is required for the reduction of formate to thymine methy! (1). 

From the results of this and previous studies (1, 2) it would 
appear that vitamin B,. is concerned in the reduction of l-carbon 
compounds from the formate to the formaldehyde levels of oxida- 
tion. In conflict with this suggestion is the report of Gibson and 
Woods (5) indicating a requirement for By. in the conversion of 
the B-carbon of serine to the methyl! group of methionine by a 
microorganism. The possibility exists that under their condi- 
tions the serine B-carbon was converted to methionine-methy! 
with formate as an intermediate. In support of this are data 
reported by Johnson (7). In experiments in vivo with chicks 
vitamin By. deficiency resulted in a reduction in the conversion 
of injected formate-C™ to choline or methionine methyl! groups, 
whereas in the deficient animals the conversion of injected 
formaldehyde to these methyl groups was considerably increased. 
The increased specific activity of choline and methionine methyl 
groups in formaldehyde-C™-injected By-deficient chicks may 
have reflected a decreased formaldehyde pool size resulting from 
an impaired reduction of formate in the B,-deficient animals. 

In order to assess the significance of this postulated role of 
vitamin By, information is needed concerning the metabolic 
significance of formate as compared to other l-carbon precursors. 
It has been shown that significant quantities of formate are pro- 
duced metabolically (6). In an effort to obtain some informa- 
tion on the relative utilization of various l-carbon precursors for 
the synthesis of the methyl group of thymine, normal bone 
marrow cell suspensions were incubated with deoxyuridine, 
sodium succinate, and with formate-C™, formaldehyde-C™, 
glycine-2-C™, methionine methyl-C™, or serine-3-C™. The re- 
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I 
Influence of dietary folic acid and vitamin By. on 
thymine biosynthesis by chick bone marrow 
Each flask contained 2 ml of marrow cell suspension, 11 we (0.06 
mg) of formaldehyde-C", 50 wmoles of sodium succinate, and 10 
pmoles of deoxyuridine. Final volume, 2.4 ml. The results are 
expressed as thymine c.p.m. per mg of marrow dry weight. 


Dietary supplement Thymine counts 
None 3.71 
Bis 2.50 
Folic acid 6.28 
Bis + folie acid 4.98 


Tasie II 
Influence of vitamin B,: in vitro on thymine biosynthesis by vitamin 
B,2-deficient chick bone marrow 

Each flask contained 2 ml of marrow cell suspensions, 10 umoles 
of deoxyuridine, 3) umoles of sodium succinate, and either 10 ye 
of formaldehyde-C"* (0.06 mg) or 10 we of pL-serine-3-C"* (0.35 mg). 
The results are expressed as thymine c.p.m. per mg marrow dry 
weight. 


Thymine counts 
Bis added 
Formaldehyde-C™ Serine-3-C™* 
mye /ml 
0 10.9 25.6 
15 11.2 24.7 
150 10.7 
1500 6.5 21.3 
III 


Influence of vitamin By: on biosynthesis of thymine from formalde- 
hyde-C* by growing cultures of Lactobacillus leichmannii 


Formaldehyde C'* Growth medium DNA thymine 
pc/mi c.p.m./amole 
Culture medium 
0.33 (2 ug) Bis 189 
0.33 (2 wg) deoxycytidine 206 
0.66 (4 ug) Bie 361 
0.66 (4 wg) deoxycytidine 290 


sults are given in Table IV. Formate was the most effective 
precursor of the methyl group of thymine. With no knowledge 
of pool sizes these experiments are difficult to interpret, however 
taken at face value they suggest that formate is a major precursor 
of the methyl group of thymine in intact bone marrow cells. 


By. and Thymine 
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Tasie IV 
Relative utilization of various 1-carbon precursors of methyl group 
of thymine by bone marrow cell suspensions 

Each flask contained 2 ml of marrow cell suspension, 50 smoles 
of sodium succinate, and 10 wmoles of deoxyuridine. C** substrates 
were formate-C™, 1.5 me per mmole, 8 ye per flask; glycine-2-C™, 
2.25 me per mmole, 10 we per flask; formaldehyde-C™, 3.8 me per 
mmole, 6 we per flask; methionine methyl-C™, 2.5 me per mmole, 
2.3 we per flask; serine-3-C™, 3 me per mmole, 10 we per flask. 
Final volume 2.4 ml. The results are expressed as c.p.m. per mg 
of marrow dry weight per uc of C** substrate. 


Substrate Thymine counts 
Formate-C"* 2.50 
Glycine-2-C"* 0.27 
Formaldehyde-C"* 1.04 
Methionine methyl-C™ 0.88 
Serine-3-C'* 0.38 


SUMMARY 


Groups of chicks were given a basal diet deficient in folic acid 
and vitamin By, and this diet supplemented with these vitamins 
singly and in combination. Bone marrow cell suspensions from 
chicks receiving the various diets were incubated with deoxy- 
uridine, sodium succinate, and formaldehyde-C" and the subse- 
quent radioactivity of isolated thymine was determined. Die- 
tary folic acid led to an increased conversion of formaldehyde to 
the methy! group of thymine; vitamin B,. did not influence the 
reaction. Vitamin By added in vitro to By-deficient cells did 
not increase the conversion of formaldehyde-C™ or serine-3-C™ 
to the methy! group of thymine, nor did it influence the utilization 
of formaldehyde in thymine biosynthesis by Lactobacillus leich- 
mannii. These results, taken in conjunction with earlier experi- 
ments indicating a role of By: in the conversion of formate to the 
methyl group of thymine, suggest that vitamin B,. functions in 
the reduction of l-carbon compounds between the formate and 
formaldehyde levels of oxidation. 
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Hypoxanthine Production from Nucleosides 
in Erythrocyte Ghosts* 
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A primary event in the metabolism of nucleosides by human 
erythrocytes involves the action of a nucleoside phosphorylase 
(1-3). In the presence of arsenate, free ribose is produced from 
adenosine, inosine, guanosine, and xanthosine (4). Adenosine 
has been reported to be converted to adenine (4), but other 
studies have shown that adenosine was converted by deamination 
to inosine and then cleaved to hypoxanthine (5, 6). Previous 
observations with erythrocyte ghosts have revealed an extensive 
metabolism of the pentose of the nucleoside in the absence of 
the catabolism of glucose (7, 8). Data given here demonstrate 
the production of hypoxanthine from inosine and adenosine in 
ghosts and compares the production of hypoxanthine with that 
of erythrocytes and ghost-free hemolystates. 


EXPERIMENTAL 


Tissue Preparation—Erythrocyte ghosts and cell-free hemo- 
lysates were prepared as described previously (7). The ghosts 
were suspended in sufficient physiological buffer (9) to contain 
approximately 5 < 10° cells per mm? of suspension. The cell- 
free hemolysates were obtained by centrifugation (2700 x g and 
4°) of an aqueous hemolysate containing 6 volumes of water to 1 
volume of packed erythrocytes. Before centrifugation the sus- 
pension was rendered 0.30 osmolar with hypertonic buffer. 

Equilibration Technique—The suspensions of cells or their 
components were equilibrated at 37° with nucleosides as de- 
scribed previously (7). The final concentration of nucleoside 
was | 107? m and of phosphate (as was 
4x M. 

Nucleoside Phosphorylase Activity—Hypoxanthine production 
from nucleosides was measured by incubating the tissue with 
the substrate. Aliquots were withdrawn at time intervals and 
the reaction stopped with 10% trichloroacetic acid. The pro- 
tein-free filtrate was neutralized and analyzed for purine nucleo- 
sides by a quantitative adaption of the procedure of Kalckar (10). 
Hypoxanthine, produced from the nucleosides, was oxidized to 
uric acid by the addition of purified xanthine oxidase. The 
analysis depended on the well defined absorption maximum at 
292 my of uric acid which maximum was well separated from 
those of nucleosides and hypoxanthine. The method was feasi- 


* These studies were supported by a contract (DA-49-007-MD- 
}42) between the Research and Development Division, Office of 
the Surgeon General of the Departmen tof the Army, and Boston 
University. 

+ Data presented here were taken from a dissertation by Wil- 
liam L. McLellan presented to the Graduate School of Boston 
University in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy. Present address, Department of Micro- 
biology, New York University College of Medicine. 


ble for the study of erythrocytes and ghosts as there is no xan- 
thine oxidase in human erythrocytes and very little uric acid. 
These relationships may be shown schematically: 


adenosine nucleoside 
deaminase inosine phosphorylase 
NH; + phosphate 
‘ externally added 
hypoxanthine xanthine oxidase ; ; 
+ +O: —— uric acid 
ribose-1-P 


To 0.5 ml of the neutralized filtrate were added 2.2 ml of phos- 
phate buffer at pH 7.4 plus 0.1 ml of xanthine oxidase (Worth- 
ington, 2,000 units per ml) and the change in optical density read 
until the reaction came to completion (usually in about 8 minutes 
at room temperature). In the range 0.05 to 0.20 umole of hypo- 
xanthine the absorbancy change was linear with concentration. 
No inhibition by neutralized trichloroacetate was observed in 
controls. Inosine was determined in these filtrates by convert- 
ing it to hypoxanthine with the subsequent addition of purified 
liver nucleoside phosphorylase in addition to xanthine oxidase. 
The nucleoside phosphorylase was prepared from dog liver ac- 
cording to the procedure of Kalckar (11) and found to be free 
from adenosine deaminase activity. 


RESULTS AND DISCUSSION 


Appreciable quantities of hypoxanthine were produced in 
ghosts from both inosine and adenosine (Fig. 1). The presence 
in ghosts of both nucleoside phosphorylase and adenosine deami- 
nase is thus apparent. Adenosine was converted to hypoxan- 
thine at a slower rate than inosine and gave a lower yield in 3 
hours, suggesting that adenosine deaminase was rate limiting. 
Detection of inosine in ghost suspensions incubated with adeno- 
sine indicated a deamination of the adenosine before nucleoside 
phosphorolysis. The relative magnitudes of hypoxanthine pro- 
duction in ghosts, erythrocytes, and cell-free hemolysates (Table 
I) show that nucleoside phosphorylase is distributed mainly in 
the soluble fraction, less being found in the ghost. With nucleo- 
sides as substrate, the cell-free hemolysate produced 4 to 5 times 
as much hypoxanthine in 3 hours as did the intact erythrocyte; 
ghosts produced 0.6 to 0.7 the amounts produced by an equiva- 
lent number of erythrocytes. Lower net accumulation of hypo- 
xanthine was observed in all experiments with adenosine as sub- 
strate. There was no hypoxanthine produced in either ghosts or 
hemolysates without nucleosides present, but in erythrocytes 
very small but significant amounts occurred. It has been shown 
that hypoxanthine can be formed from adenine nucleotides in 
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GHOSTS 


INOSINE 


ADENOSINE 


200 


LLMOLES HYPOXANTHINE / CELLS 


| 
3 
TIME (HOURS) 


Fic. 1. Hypoxanthine production in erythrocyte ghosts. 
Erythrocyte ghosts were incubated with nucleoside (110-2 m) and 
phosphate (4X10-3 m). The average pH of the preparation con- 
taining inosine was 7.5 + 0.05 and for that containing adenosine 
it was 7.4 + 0.05. Ghosts in the absence of nucleoside did not 
produce hypoxanthine. 


TABLE I 
Hypozanthine production in erythrocytes, ghosts, and hemolysates* 


The conditions are described in the text and are similar to those 
in Fig. 1. The average pH varied between 7.3 and 7.5. 


Erythrocytes Ghosts | Hemolysates 
805 450 3250 
Adenosine.......... 480 330 | 2380 
No-substrate....... 12 0 | 0 


* Values are given as wmoles of hypoxanthine per 3 hours per 
10'? cells. 


human blood (12). Plasma controls did not produce hypoxan- 
thine from added nucleosides. In ghosts 450 umoles of hypoxan- 
thine were produced in 3 hours which was equivalent to the 
inorganic phosphate esterified (430 umoles).! However, in both 
erythrocytes and hemolysates the amounts of phosphate esterified 
were only approximately 0.3 to 0.4 of the amounts of hypoxan- 
thine produced. The amount of phosphate esterified implies fur- 
ther metabolism of pentose phosphate in erythrocytes and he- 
molysate with the ultimate regeneration of inorganic phosphate. 
However, in ghosts all the inorganic phosphate can be quanti- 
tatively accounted for as organic phosphate esters.! 

Consistent with observations made with isolated erythrocyte 
nucleoside phosphorylase (13), there was no hypoxanthine pro- 
duced from guanosine in the erythrocyte, ghost, or cell-free he- 
molysate. The absorption spectrum for guanosine in phosphate 
buffer at pH 7.4 shows a greater extinction at 292 my than either 
inosine or adenosine, thus making the enzymatic method for 
hypoxanthine less sensitive in the presence of guanosine. Never- 
theless, on the addition of xanthine oxidase to the system there 


1 F. Lionetti and W. L. McLellan, to be published. 
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was no detectable increase in absorption, t.e. no production of 
uric acid. Ultraviolet absorption spectra of filtrates at pH 1.0 
and at pH 11 were compared with spectra for guanosine and 
guanine. Under the same conditions, the ratios of absorbancy 
at 250:260 my and 260:280 mu when compared with the stand- 
ards qualitatively indicated a decrease in guanosine and an in- 
crease in guanine during the 3-hour incubation. 

In spite of evidence by Prankerd (4) for the production of 
adenine from adenosine in human erythrocytes, it seems irre- 
futable from the quantitative enzymatic observations made here 
in ghosts that adenosine is first deaminated to inosine with sub- 
sequent production of hypoxanthine. Rubenstein and Denstedt 
(6) have specifically demonstrated similar reactions with a quali- 
tative paper ionographic method. They also found that guanine 
was produced from guanosine. Results with purified nucleoside 
phosphorylase from human erythrocytes which has specific re- 
quirements for inosine and guanosine (13) further indicate that 
metabolism of adenosine proceeds by a prior deamination with 
adenosine deaminase. No evidence for the further metabolism 
of the purines of nucleosides by human erythrocytes beyond 
hypoxanthine is presently known. Rubenstein and Denstedt 
(6) have studied the partition of nucleoside phosphorylase and 
adenosine deaminase between stroma and cell-free hemolysates 
prepared by freezing and thawing erythrocytes. The stroma 
contained 10% of the nucleoside phosphorylase and 8% of the 
adenosine deaminase. However, in these experiments, the more 
rapid initial production of hypoxanthine from inosine than from 
adenosine in hemolysates as compared with ghosts suggests a 
fractionation of adenosine deaminase activity during hemolysis 
which favors the ghosts. The discrepancies in enzyme activities 
between particulates and aqueous hemolysates apparently de- 
pend on the method of hemolysis of the erythrocytes. 


SUMMARY 


The purine constituents of the nucleosides inosine and adeno- 
sine were converted to hypoxanthine in human erythrocyte 
ghosts, intact cells and cell-free hemolysates. The amounts were 
much greater in the hemolysates than either the ghosts or intact 
erythrocytes. Rates of hypoxanthine production from adeno- 
sine were consistently lower than from inosine, suggesting that 
the rates were limited by adenosine deaminase. 
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Different ribonucleic acids have been isolated generally not on 
the basis of their physicochemical characteristics, but by their 
association with the subcellular fractions of which they form a 
part. The present report describes the column chromatographic 
separation of two different RNA fractions isolated from the 
supernatant fraction of rat liver after centrifugation at high 
speed. The properties of these RNA fractions correspond 
roughly with the physicochemical and metabolic characteristics 
described by others of the low molecular weight RNA which is 
involved in amino acid transfer (1), and RNA present in the post- 
microsomal fraction (2). Studies on the incorporation of labeled 
adenvlie acid and leucine into these fractions are described in the 
accompanying paper (3). A preliminary report of this work has 
appeared elsewhere (4). 


METHODS 


Preparation of RN A Fractions from Rat Liver—The livers from 
200-¢ rats were homogenized in 2 volumes of 0.25 mM sucrose, and 
centrifuged for 15 minutes at 25,000 « g. The supernatant 
fluid was then centrifuged for 1 hour at 105,000 «x g. The 
supernatant fraction was dialyzed against 0.025 m tris(hydroxy- 
methylaminomethane buffer, pH 7.0, for 18 hours and lyo- 
philized. One hundred milligrams of this powder contained 81 
mg of protein and 0.95 mg of RNA. 

All RNA extractions from the rat liver supernatant fractions 
were done in 0.2 M potassium phosphate buffer, pH 6.85. The 
phenol procedure was similar to that described by Kirby (5) 
based on the method of Gierer and Schramm (6). An equal 
volume of phenol saturated with water (70 g of phenol plus 30 
ml of water) was added slowly to the incubation mixture and 
stirred vigorously at 25° for 10 minutes. After centrifugation 
of the mixture at 20,000 x g for 15 minutes, the precipitate was 
re-extracted with 1 volume of water, and the combined super- 
natant fluids were extracted five times with equal volumes of 
ether. The solution was then aerated with nitrogen, and diluted 
5-fold with water before application to the column. The final 
concentration of potassium phosphate buffer added to the liver 
preparation influenced the yield of RNA. For example, the 
recovery of RNA from one preparation was 0.35 mg when the 
final concentration of the buffer was 0.01 m, 0.41 mg at 0.05 m, 
and 0.62 mg at 0.2 mM. Microsomal RNA was obtained by the 


* Supported by grants from the American Cancer Society and 
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phenol method from microsomes untreated or treated with deoxy- 
cholate (7). 

Separation of RNA Fractions on Ecteola Columns—Ecteola 
ion exchange adsorbent was obtained from the Kutlir Labora- 
tories. Three different sizes of columns were employed. For 
the separation of 0.3 to 0.8 mg of RNA, a column 0.8 em in diam- 
eter and 3.5 em high (400 mg of Ecteola adsorbent) was em- 
ployed (Column A). Before use, the column was washed with 
1 N NaOH followed by water until the pH was neutral. The 
gradient system consisted of a constant volume mixing chamber 
containing 250 ml of 0.01 mM potassium phosphate buffer, pH 
6.85, into which flowed 200 ml of 1 N NaCl buffered with 0.01 
M potassium phosphate, pH 6.85. Five ml fractions were col- 
lected and the optical densities at 260 mu were determined. The 
molarity of the NaCl just before the elution of the first RNA 
(1) sample was 0.34 Mm. When the NaCl reservoir was emptied, 
15 to 20 ml of | N NaCl were passed through the column if the 
optical density was still high. The column was then eluted with 
either | N NaOH or a gradient of 1 N NaCl, 1 s NH,OH running 
into 1 N NaClin the mixer. A flow rate of approximately | ml 
per minute was maintained with pressure. 

For larger scale preparations of RNA, an Ecteola column 2.2 
cm in diameter and 3.0 em high (Column B) was used with a 
similar gradient system which employed a 1000-ml mixing reser- 
voir. A third intermediate sized column used for some of the 
C™ amino acid and C'-AMP experiments reported in the ac- 
companying paper was 1.2 em in diameter and 5.5 em high 
(Column CC). A linear gradient system was used until the NaCl 
concentration was 0.25 mM. RNA I was then eluted in 20 to 40 
ml of 1 N NaCl buffered with 0.01 M potassium phosphate, pH 
6.85. Subsequently, 80 to 100 ml more 1 N NaCl were collected 
to be sure that the optical densities remained low. The eluent 
then was changed to 1 N NaCl, 0.1 nN NH,OH. RNA II was 
eluted in 40 to 60 ml of the latter effluent. 

Preparation of RNA for Analysis—The RNA fractions em- 
ployed for analyses reported in Table IV, were isolated from 
Column B. The RNA II was eluted with 1 Nn NaCl, 0.1 
N NH,OH at 0°, and immediately neutralized. Both fractions 
were then dialyzed in No. 24 Visking tubing at 0° against water 
for 18 hours and lyophilized. The lyophilized material was 
taken up in water. Both RNA fractions in Experiment 4 were 
precipitated twice by acidification to pH 3.0 and addition of 3 
volumes of ethanol. 

Analytical Data on RN A Fractions— The ultracentrifuge studies 
were done by Drs. Herbert Rosenkranz and Aaron Bendich. An 
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Fic. 1. Isolation by chromatography on Ecteola adsorbent of 
RNA I and RNA II extracted by the phenol method from the 
Spinco supernatant fraction of rat liver. The number of each 
5-ml. fraction is plotted versus optical density per ml. 


ultraviolet optical system was employed and the RNA fractions 
were examined in 0.2 n NaCl. Average sedimentation co- 
efficients (s20,~) were calculated at infinite dilution and cor- 
rected to the value they would have had in a solvent with the 
viscosity and density of water at 20° (8). 

Electrophoretic separations were done on buffered Whatman 
No. 1 paper as noted in Table VI both in CCl, and in air. The 
starch electrophoretic analysis was done in a 30 cm starch block 
(9) with 0.025 m potassium phosphate buffer. Two hundred 
volts were applied for 16 hours. 

Base ratios were determined by hydrolysis of the RNA with 
70% HClO, and separation of the bases in a solvent containing 
65 ml of isopropanol, 16.5 ml of 12 wn HCI, and 18.5 ml of water. 
Pentose was determined by the orcinol reaction (10) with adeno- 
sine 5’-phosphate as a standard. Total phosphate after per- 
chloric acid digestion and inorganic phosphate was determined 
by the Fiske and SubbaRow method (11). For conversion of 
optical density to milligrams of RNA, the equivalence of 34.2 
optical density units at 260 my and at pH 7.0 to 1 mg was em- 
ployed (12). Protein was determined by the Folin phenol 
method (13). 


RESULTS 


Ecteola Separation of RNA Fractions—Fig. 1 shows a typical 
Ecteola column elution pattern of the two RNA fractions ex- 
tracted by the phenol method from a rat liver supernatant frac- 
tion obtained after centrifugation at 105,000 x« g for 1 hour. 
The position of elution (Column A) of the two RNA fractions 
was very reproducible. The first RNA fraction (RNA I) was 
always eluted at the same point, and in a broad band which fre- 
quently contained two peaks. In most of the elution patterns 
the second peak was not as prominent as that indicated in Fig. 
1. The irregular shape of the elution pattern of the first RNA 
fraction suggests that it was made up of heterogeneous molecules. 
After the first RNA fraction was eluted, it was found that 1 Nn 
NaCl buffered with 0.01 mM potassium phosphate, pH 6.85, would 
not elute any ultraviolet-absorbing material from the column. 
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The second RNA fraction (RNA II) was obtained by an NH,OH 
gradient elution. Occasionally a small amount of ultraviolet- 
absorbing material could be eluted with 1 n NaOH after the 
major portion of RNA II was eluted. On rechromatography of 
RNA I, generally 85% of the material was eluted as RNA [ 
whereas 15% was eluted as RNA II. Occasionally 20 to 25% 
was eluted as RNA II. Rechromatography of RNA II gave 
more variable results. When RNA II was obtained by rapid 
elution with 0.1 n NH,OH, 1 n NaCl at 0°, and immediately 
neutralized and then rechromatographed, 93% of the optical 
density units were recovered; 37% as RNA II, 36% as RNA 
I, 18% as material preceding RNA I, and 9% as material eluted 
with 1 nw NaOH. When this RNA II was rechromatographed 
102% of the optical density units were recovered; 44% as RNA 
II, 42% as RNA I, and 14% as material preceding RNA I. It 
is thus apparent that RNA II either contains RNA I which is 
gradually liberated under mild alkaline conditions or RNA II is 
partially degraded to units which behave chromatographically 
similar to RNAI. On this column, ATP and AMP were eluted 
in the first 50 to 75 ml. 

A series of experiments were carried out to determine what 
factors may influence the relative concentrations of RNA I and 
RNA II. In Table I some of the data are presented. Experi- 
ment 1 shows the marked variation in ratios (ranging from 1.4 
to 3.6) of the amounts of RNA I to RNA II, obtained from 
dialyzed, lyophilized preparations. Starvation, which decreases 
the liver endoplasmic reticulum and RNA (14), did not seem to 


alter the ratios of RNA I to RNA II significantly. When the 
Taste I 
Effect of different treatments on recovery of RNA I and II 

| Conditions nit 

| RNAI RNA i 
1 | Dialyzed, lyophilized 234 | 65 «| 3.6 
 Dialyzed, lyophilized 260 101 2.6 
Dialyzed, lyophilized 154 61 2.5 
Dialyzed, lyophilized 244 138 1.8 
Dialyzed, lyophilized 53 | (38 1.4 
Nondialyzed, nonlyophilized, 75 2.1 

rats fed | 
Nondialyzed, nonlyophilized, 6.7 6.1 1.1 
rats fed 
Nondialyzed, nonlyophilized, 38 24 1.6 
rats starved 
2 1 phenol extraction 23 13 1.8 
3 phenol extractions 22 | 15 1.5 
6 phenol extractions 17 7 2.4 
3a Control 11.0 §.1 | 2.2 
NH.OH, 37°, 30 minutes 7.1 3.5 | 2.0 
| 

3b Control 1.4) 9.9 1.2 
0.1 KOH, 23°, 60 minutes 7.7) 0.7 
4 Control, ATP, 0 minutes 4.4 3.8; 1.2 
Incubation ATP, 37°, 30 minutes 5.2 3.2; 1.6 
5 | MgCl. 0.03 a, 23°, 60 minutes 9.1) 64) 14 
| EDTA, 0.017 m, 23°, 60 minutes 13.8 4.7| 2.9 


| | ry \ \ 
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RNA was subjected to several phenol extractions, and then 
chromatographed, as in Experiment 2, there was again no signifi- 
cant change in the ratios. This suggested that the ion exchange 
properties of the two fractions were not dependent upon a loosely 
bound contaminating protein. It seemed possible that RNA I 
might have a higher concentration of associated amino acids, and 
that treatment with neutral hydroxylamine would convert RNA 
| to a more anionic RNA. The ratios in Experiment 3 showed 
no change when the RNA, after phenol extraction and before 
chromatography was incubated with 1 n NH.OH at 37° for 30 
minutes, conditions which result in cleavage of an amino acid- 
RNA linkage (15). Experiment 4 was also done on the assump- 
tion that the amino acid-RNA linkage was labile to alkali (1). 
Treatment of the RNA with 0.1 n KOH for 30 minutes at 25° 
resulted in a decrease of RNA I and the appearance of ultraviolet- 
absorbing material in the portion of the pattern where the nu- 
cleotides were eluted. After a similar treatment for 1 hour, 
there was again a decrease in RNA I. One elution pattern 
showed an associated increase in material eluted with 1 nN NaCl, 
a second showed an increase in material eluted with NaOH, and 
a third showed an increase in material eluted before RNA I. 
Thus alkali treatment altered the amounts of RNA I and II, but 
did so probably by degradation to compounds with different 
chromatographic characteristics. It seemed possible that RNA 
Il might have a higher affinity for the adsorbent because of an 
increased content of phosphate groups similar to the RNA iso- 
lated by Grunberg-Manago and Fresco (16). However, incuba- 
tion of 37 mg of lyophilized extract with 8 wmoles of ATP for 30 
minutes did not alter significantly the ratio (Experiment 4). It 
seemed possible that one RNA might be an aggregation of mole- 
cules of the other, with binding by a divalent metal. Experi- 
ment 5 shows the results of mixing the RNA fractions with MgCl, 
or with EDTA! before chromatography. MgCl, did not result 
in any major alteration of the ratio of RNA Ito RNAII. There 
was a small increase in RNA I after treatment with EDTA. 
This alteration was at first not considered significant, but later 
was investigated with the possibility in mind that the difference 
in chromatographic behavior of RNA I and RNA II was due 
solely to conversion of a helical structure to a random coil (17). 
Chromatographic separations were performed separately on RNA 
land RNA II with either EDTA 0.001 m, or CaCl, 0.001 m in 
the eluting solutions. When the latter was used the phosphate 
buffer was omitted. The results are presented in Table II. 
The chelating agent increased the recovery of total optical density 
units by 20 and 11% for RNA I and II, respectively. There is 
a decrease in optical density units recovered in RNA II in each 
case and an increase in those recovered in RNA I. CaCl, de- 
creases total recovery of optical density units and shifts the 
elution point of RNA I to a lower salt concentration in each 
instance (to Fraction 13 or 14, Fig. 1). The fact that both 
EDTA and CaCl, decrease the recovery of optical density units 
in RNA IT suggests that a helix-random coil interconversion is 
not the primary reason for the chromatographic separation. 
However, it is possible that this interconversion occurs, since the 
optical density of both RNA I and RNA II was affected by the 
addition of EDTA, and alkali. The addition of EDTA at a 
concentration of 5 « 10-° m (Table III) resulted in an increase 
of optical density at 260 my of 10%, whereas KOH at 5 x 10-7 
M increased the optical density by 17 to 18%. Calcium chlo- 


‘The abbreviation used is: EDTA, ethylenediaminetetra- 
acetate. 


D. A. Goldthwait 
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TaBLe II 


Recovery of optical density (OD) units of RNA I and RNA II 
rechromatographed under different conditions 


RNA rechroma- Conditions RNAT | OD. 
units units units units 

RNA I Control 1.0 | 16.4 | 5.1 | 22.9 
EDTA, 0.001 m 3.9 19.3 | 4.3 | 27.5 

CaCl., 0.001 m 14.8; 2.1 16.9 

RNA Il Control 3.8} 8.2 | 10.7 | 22.7 
EDTA, 0.001 m 12.9; 8.1 | 25.2 

CaCl, 0.001 m 7.7 | 0.7 6.9 15.3 


TaB_e III 


Effect of EDTA, calcium chloride, and pH on optical 
density of RNA I and II 


Change in optical density 
at 260 mg 
Conditions 
RNAI RNA II 
% % 

EDTA (5 X 10°' m) +10 +10 
KOH (5 X 10°? m) +17 +18 
CaCl, (10-7 —12 0 


ride decreased the optical density of RNA I by 12° but did not 
alter that of RNA II. Calcium chloride also was found to re- 
verse the increased optical density of both RNA I and II due to 
EDTA. These effects on the optical density of RNA I and II 
partially explain the increased recovery of RNA I noted in 
Table If. However, the decreased recovery of RNA II in the 
presence of EDTA would not be predicted from the optical 
density studies, and it is possible that a portion of RNA II was 
altered by treatment with EDTA and migrated either as RNA 
I or with the material preceding RNA I. This is suggested 
because the recovery of optical density units in these column 
fractions was more than might be expected from the direct effect 
noted in Table IIT. 

Since it had been shown that the supernatant fraction of liver, 
obtained by centrifugation for 1 hour at 105,000 x g contained 
a fraction which could be sedimented if centrifuged for a more 
extended period of time (2), experiments were done to determine 
whether one of the RNA fractions could be recovered in this 
pellet or postmicrosomal fraction. The supernatant fraction, 
obtained from fresh rat liver after centrifugation at 105,000 x 
g for 1 hour, was recentrifuged under the same conditions for 3 
hours and the precipitate was designated as the postmicrosomal 
fraction or pellet. The RNA’s were extracted from the pellet 
or postmicrosomal fraction and from the supernatant fraction by 
the phenol method. These RNA’s were further fractionated on 
the Ecteola column. The results presented in Table IV indicate 
that the postmicrosomal supernatant fraction contained only a 
small amount of RNA II. Because the rechromatography of 
RNA I resulted in approximately 15 to 20% recovery in RNA 
II, it seemed probable that the supernatant fraction contains 
only RNA I. This was most obvious in Experiment 2. In 
Experiment 1 59% of the postmicrosomal RNA was present as 
Fraction II. These experiments suggest that the 4-hour 105,000 
< g supernatant fluid contained almost exclusively RNA I 
whereas the postmicrosomal pellet contained RNA I and II. 
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TasBie IV 


Recovery of RNA I and RNA II in postmicrosomal pellet 
and supernatant fractions of fresh rat liver 


22 RNA | RNA | Ratio 
me me 
1 | Postmicrosomal supernatant fraction 2.40 0.71 | 3.4 
Postmicrosomal pellet 0.84 | 1.24 | 0.68 
2 | Postmicrosomal supernatant fraction 2.08 | 0.29 | 7.2 
Postmicrosomal pellet 0.57 | 0.33 | 1.7 


wo 
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od | 
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Fic. 2. Chromatography of RNA extracted from rat liver 
microsomes on Ecteola adsorbent. Ordinate and abscissa as in 
Fig. 1. 


TaBLe V 
Properties of RNA fractions 


RNAI RNATI 

1 | RNA, by optical density, mg/ml 0.81 0.29 
Nucleotide, wmoles/ml* 2.35 0.84 
Pentose by orcinol, wmoles/ml 1.72 0.58 
Ratio uwmoles pentose/umoles nucleotide 0.73 0.69 
Protein mg/ml 0.133 | 0.053 
Protein as % of RNA plus protein 15 14 

2 | Base ratios in moles per 100 moles of total 

base 
Guanine 37 38 
Adenine 24 25 
Cytosine 23 24 
Uracil 16 13 

3 | RNA by optical density, mg/ml 0.22 0.071 
Nucleotide, wmoles/ml* 0.64 0.21 
Organic phosphate, wmoles/ml 0.63 0.21 
Ratio wmoles nucleotide/umoles organic | 0.99 1.00 

phosphate 
Protein, mg/ml 0.045 0.016 
Protein, % of RNA plus protein 5 5 


* For method of calculation, see text. 


' Since the postmicrosomal fraction was found to contain free 
ribonucleoprotein granules similar to those associated with the 
membranous structure of the endoplasmic reticulum or micro- 
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some fraction (2), it might be expected that the RNA isolated 
from microsomes should show chromatographic behavior similar 
to the postmicrosomal fraction. Fig. 2 shows the elution pattern 
of RNA obtained by the phenol method from rat liver micro- 
somes treated with deoxycholate. It is evident that RNA I was 
extremely low or absent in the microsome fraction. This is in 
contrast to the postmicrosomal material. The elution pattern 
of microsomal RNA was not constant. Different preparations 
showed varying amounts of material eluted from the column in 
the early NaCl fractions. Some preliminary experiments indi- 
cated that the older the sample, the more material was found in 
this fraction and these results suggested that enzymatic degrada- 
tion was occurring. The RNA eluted at pH’s above 7 often could 
be obtained in two peaks as indicated. The first could be eluted 
with low concentrations of NH,OH but the second which was 
always much smaller in amount was eluted with 1 n NaOH. The 
RNA II occasionally also showed this pattern. 

Chemical and Physical Properties of RNA Fractions—Both 
RNA fractions could be dialyzed with no significant loss of ma- 
terial. Both fractions were precipitable from moderately con- 
centrated solutions by acidification to pH 3. Two to 4 volumes 
of ethanol aided precipitation especially from dilute solutions. 
Both fractions were soluble when left at 0° in 1 ~ NaCl (18) for 
several days. Adenylate kinase was found in both fractions of 
preparation 1, Table V. 

Some of the properties of the RNA fractions are presented in 
Table V. The nucleotide content in ymoles per ml was calcu- 
lated from the milligrams of RNA assuming a purine to pyrimi- 
dine ratio of 2 to 1 as indicated by the base analysis, and therefore 
a mean molecular weight per nucleotide of 344. The ratios of 
umoles of pentose to xmoles of nucleotide for Preparation 1 were 
0.73 and 0.69 for RNA I and II, respectively. These values 
were slightly higher than the value of 66°, estimated from the 
base analysis (Preparation 2). It should be noted that there 
was no significant difference in the ratios of these values between 
the two fractions. Both fractions contained protein estimated 
at 15 and 5% in preparations 1 and 3 (Table V), respectively. 
These values, obtained by the Folin phenol method (13) were 
uncorrected for guanine. The ultraviolet spectra between 220 
and 300 my at pH 7.0 of both RNA fractions were the same. 
The base analysis on preparation 2 showed no significant differ- 
ence between the fractions. Of note were the high guanine and 
very low uracil values. The significance of this is not clear. 
Values approaching these in regenerating liver were noted by 
Lamirande et al. (19) but not by Crosbie et al. (20). Analysis of 
preparation 3 for organic phosphate revealed one phosphate per 
nucleotide in both of the RNA fractions. 

The separation of these two RNA species by chromatography 
on Ecteola adsorbent could be due to a difference in molecular 
size or charge. In Table VI several determinations of the sedi- 
mentation coefficients are given. The average sedimentation 
coefficients (s20,.) determined for RNA I and IIL of Preparation 
2 were both 3.45. Both samples showed considerable hetero- 
geneity. Another average sedimentation coefficient (s%0,.) de- 
termined for RNA II, Preparation 3, was 5.4; the average sedi- 
mentation coefficients of the RNA I and II of Preparation 4 
were 4.6 and 5.7, respectively. These values suggest that RNA 
I may have a slightly lower molecular weight than RNA IL. 
Attempts to demonstrate by paper electrophoresis different rates 
of migration were unsatisfactory (Table VI). Relative migra- 
tion rates measured from the leading edges of the ultraviolet- 
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Taste VI 
Sedimentation and electrophoretic migration of RNA fractions 


Prepa- Determination and conditions 


lewae 
ration RNAI RNA If 


_ Sedimentation coefficient 
Average sedimentation coefficient 3.45 3.4 
Average sedimentation coefficient 5.4 
Average sedimentation coefficient 4.6 | 5.7 

_ Electrophoretic migration on paper* 

5 0.04 mM NH, formate, pH 3.5 0 

0.04 m NH, acetate, pH 4.0 2. 
l 
1 
l 


to 


0.04 Mm NH, acetate, pH 5.0 
0.02 Mm NH, acetate, pH 6.0 
| 0.02 Mm NH, acetate, pH 7.0 


_ Electrophoretic migration on starcht | 
5 | 0.025 M potassium phosphate, pH 6.85 3 | 
0.025 mM potassium phosphate, pH 7.4 3.74 | 


a Centimeters migration of front of RNA/cm migration of 
AMP. 
t Centimeters migration of RNA/cm migration of AMP. 
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but has been used for the separation of RNA in ascites cells (26). 
Various divalent cations have been used for the precipitation of 
microsomal ribonucleoproteins (27) but criteria for separation of 
different RNA molecules are lacking. Starch electrophoresis of 
E. coli extracts resulted in a reasonably clear separation of free 
ribonucleic acid from the ribonucleoprotein particles of cyto- 
plasm (9). Similar experiments with rat liver have shown the 
separation of two different RNA fractions which have different 
metabolic activities in vivo (28). The column chromatographic 
separation of nucleic acids became feasible with the synthesis of 
the cellulose ion exchange adsorbent Ecteola (29). This mate- 
rial was used initially by Bendich et al. for separation of DNA 
(30) and subsequently was used for the fractionation of RNA 
(31). 

The present study illustrates some of the limitations in the 
use of Ecteola adsorbent for the separation of the two RNA 
molecules found in the supernatant fraction of rat liver after 
centrifugation for 1 hour at 105,000 x g. The rechromatography 
of RNA I resulted in 15 to 25°% of the material appearing in 
RNA II even though the fractions collected between RNA I and 
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Fic. 3. Partial separation of RNA I and RNA II by electrophoresis in a starch block. Centimeters migration from the starting line 


is plotted versus optical density. 


absorbing spots are recorded because of the great width of the 
bands. It is possible that the slower migration at pH 3.5 was 
due to the acid insolubility of the fractions. Electrophoretic 
migration on starch gave partial resolution. Fig. 3 indicates the 
type of pattern obtained and demonstrates the more rapid mo- 
bility of RNA I compared to RNA IIL. It also shows their 
mobility in relation to the adenine nucleotides. 


DISCUSSION 


The isolation of different RNA fractions has been accomplished 
by a variety of methods. Differential centrifugation has been 
used extensively in the isolation of RNA’s of nuclear and cyto- 
plasmic origin (21,22). Differential solubility in salts of various 
ionic strength has also been found to separate different RNA 
fractions. Two different nuclear ribonucleoproteins have been 
separated by differential solubility in 0.1 ~ phosphate buffer (23) 
whereas insolubility in 1 N NaCl of the major portion of the 
ribonucleic acid isolated from yeast (18, 24) results in a separa- 
tion of the microsomal RNA from the amino acid acceptor RNA? 
This procedure has proved unsatisfactory for pancreas RNA (25) 


?D. A. Goldthwait and Starr, unpublished results. 


Il showed no optical density. This emphasizes the difficulties 
of separating large molecules with multiple charges. This prob- 
lem has been discussed extensively by Bradley and Rich (31), 
and their experiments concerned with the rechromatography of 
RNA indicate that a fraction of nucleic acid isolated from the 
Ecteola: adsorbent on rechromatography will not be eluted in 
such a discrete band. On rechromatography of RNA II, a 
variable amount of material is recovered in the RNA I fraction. 
The maximum amount of material recovered in RNA I was 42% 
of the total. The problem, as yet unresolved, is whether the 
material isolated as RNA I on rechromatography of RNA II 
represents RNA I which was bound in some fashion to a second 
species of RNA and therefore migrated as RNA II, or whether 
this material isolated as RNA I is not RNA I as defined, but a 
degradation product of RNA II. Because of metabolic data 
(3), the former hypothesis is favored. 

Although the complete separation of these two RNA fractions 
has not been achieved, the fact that on rechromatography the 
major portion of each was eluted at the original position is a 
strong argument against this separation being a chromatographic 
artifact. Furthermore the partial separation of these two species 
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by starch electrophoresis supports this thesis. Evidence from 
sedimentation studies suggests that RNA I may be a slightly 
smaller molecule but this is not conclusive. RNA isolated by 
Hoagland et al. (1) from the pH 5.0 enzyme which contained 
both RNA I and II was found to have a mean sedimentation 
constant of 1.85. Whether the difference in values between that 
preparation and the ones described in this paper was due to 
dialysis of the former against citrate buffer has not been deter- 
mined. The sedimentation coefficient for calf liver microsomal 
RNA was 6.6 to 7.0 (7). The value of RNA II was consistently 
below this. The possibility exists that the RNA II may be 
partially degraded. It is of some interest that attempts to 
remove protein or amino acids from the combined RNA fractions 
did not alter significantly the ratio of RNAIto RNAII. These 
experiments demonstrate that by ion-exchange chromatography 
at least a partial resolution of two different RNA molecules can 
be accomplished. 

RNA I is a fraction which is probably associated with protein 
prior to phenol extraction, since it is only partially removed from 
the Spinco supernatant fraction by passage through Dowex 1 
(HCO;-). RNA II seems to be associated with the postmicro- 
somal fraction, and a major portion of this RNA can also be 
recovered after passage of the extract through Dowex 1. The 
postmicrosomal particle RNA may differ from the microsomal 
RNA in that it contains a high concentration of RNA I, not 
noted in microsomal RNA. However, it should be stressed that 
the chromatographic isolation of RNA II and microsomal RNA 
was done at an alkaline pH. Optimum conditions have not yet 
been established for the elution of these RNA fractions. 


SUMMARY 


1. Two ribonucleic acid (RNA) fractions (I and II) isolated 
by the phenol method from the high speed supernatant fraction 
of rat liver have been partially separated by ion exchange chro- 
matography with Ecteola adsorbent. 

2. After prolonged high speed centrifugation, RNA I is found 
in both the supernatant and pellet fractions, whereas RNA II is 
found almost exclusively in the pellet or postmicrosomal fraction. 

3. RNA II behaves chromatographically in some respects 
similarly to microsomal RNA. However, after elution with 0.1 
w NH,OH, and rechromatography, a portion of RNA II can be 
eluted exactly where RNA I is recovered. 

4. RNA I and II can be partially separated by electrophoresis 
in starch. 

5. Analytical properties and sedimentation characteristics are 
presented. 
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In the previous paper (1), methods were presented for the 
separation of two species of ribonucleic acid isolated from the 
supernatant fraction of rat liver after high speed centrifugation. 
Ion exchange chromatography did not result in an unambiguous 
separation. However, some of the properties of these two species 
were determined. In the present paper, the incorporation in 
vitro of radioactive adenylic acid and leucine into these ribo- 
nucleic acid fractions is described. 


METHODS 


Materials—The AMP® employed was synthesized biologically 
by a slight modification of the method of Eggleston (2) and 
purified by paper (3) and ion exchange chromatography on 
Dowex 1 resin. AMP-8-C™ was obtained from the Schwarz 
Laboratories, Inc. Leucine-1-C“ was obtained from the Volk 
Corporation and contained 1.7 x 10° ¢.p.m. per umole. The 
preparation of the rat liver enzyme as well as the RNA 
is described in the previous paper (1). A rabbit muscle prepara- 
tion (4) was employed as a regenerating system for ATP. 

Measurement of Incorporation of Labeled Nucleotide into RN A— 
For studies of the conditions for incorporation of AMP®, the 
reaction vessels contained 0.5 umole of AMP®, 10 yumoles of 
3-phosphoglyceric acid, 10 moles of potassium phosphate buffer, 
and 29 mg of dialyzed lyophilized rat liver supernatant fraction 
(1). The reaction mixture was incubated in a final volume of 
2.0 ml at 37° for 10 minutes. The incorporation of AMP® into 
RNA was measured by repeated washing of the trichloroacetic 
acid precipitate from the reaction mixture in vitro. The addi- 
tion of 50 mg of bovine serum albumin before the initial trichloro- 
acetic acid precipitation resulted in smoother homogenization. 
For repeated washings of the precipitate, 2.0 ml of 5% trichloro- 
acetic acid was added and the precipitate was homogenized with 
a tight fitting plastic pestle, and recentrifuged. All washings 
and centrifugations were done at 0°. After the seventh trichloro- 
acetic acid washing, 2.0 ml of 20% trichloroacetic acid were 
added and the mixture was boiled for 20 minutes, then centri- 
fuged, and 1.0 ml of the supernatant solution was plated and 
counted with an end window counter. After seven washings, 
the AMP™ contaminating the precipitate of the zero time con- 
trols was approximately 0.05%. 

To demonstrate that the incorporation of AMP® was into 
RNA, the RNA was isolated by NaCl extraction and ethanol 


* Supported by grants from the American Cancer Society and 
the United States Public Health Service. 
t Established Investigator of the American Heart Association. 


precipitation. Of the orcinol-reacting material and radioactive 
material present in the precipitate after seven washes with tri- 
chloroacetic acid, 70 and 71%, respectively, were recovered in 
the ethanol precipitate. The P* was shown to be present in 
CMP after NaOH digestion of sodium ribonucleate, absorption 
on charcoal, elution, and separation of the nucleotides by paper 
electrophoresis at pH 3.5 with 0.02 m sodium citrate buffer. The 
CMP which contained the radioactivity was subjected to electro- 
phoresis at pH 5.0 in the same buffer system. 

Incorporation of AM P® and C“-AMP into RNA Fractions— 
An incubation mixture containing AM P® was treated with phenol 
and separated into fractions on an Ecteola column as described 
(1). The optical density and P® activity of each fraction were 
then determined. 

When C™-AMP was used as a tracer, the volume of the 
fractions isolated from Ecteola was decreased by evaporation 
carrier adenosine and AMP were added, and after alkali diges- 
tion the nucleoside and nucleotide were isolated from a Dowex 
1 column (5). 

Incorporation of C™-leucine into RNA Fractions—When C™- 
leucine was used as a tracer, special handling of the phenol- 
extracted RNA was necessary to avoid C™ contamination in the 
control samples. The RNA, extracted with phenol at pH 6.9 
in Table III, Experiments 1, 2, and 3a, and at pH 6.0, Experi- 
ments 3b and 4, was precipitated by acidification to pH 3 and 
addition of 3 to 4 volumes of ethanol. Carrier leucine, 0.2 
mmole, was added to the solution before precipitation. The 
RNA was taken up in a solution of 5 ml of 0.01 m potassium 
phosphate, pH 6.85, containing 0.2 mmole of unlabeled leucine. 
The solution was passed through the intermediate size (B) 
Ecteola column and the column was washed with 10 ml of water 
containing 0.2 mmole of leucine and eluted as described (1). The 
fractions comprising each of the RNA’s were combined and 0.1 
mmole of carrier leucine was added before neutralization and 
evaporation to a volume of 5 ml. The solution was adjusted to 
01. N NaOH, heated at 100° for 1 minute, and neutralized. The 
leucine was then decarboxylated with ninhydrin. Five milli- 
liters of saturated KH,PO, were added to the mixture in a degra- 
dation apparatus. The degradation apparatus was aerated for 
15 minutes and 15 ml of 2% ninhydrin were added. The mixture 
was boiled for 5 minutes, 5 ml of 1 n HCl were added, and the 
CO; was collected by aeration for 20 minutes. BaCO; plates 
were made and the radioactivity was measured in a gas flow coun- 
ter. If steps involving ethanol precipitation and carrier leucine 
addition were omitted, the zero time control fractions contained 
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Fia. 1. Isolation of RNA I and RNA II from Ecteola adsorb- 
ent after incubation of the reaction mixture with AMP*®. Values 
for optical density and counts per minute are given per ml. One- 
tenth the values for counts and optical density of Fractions 52 
through 54 are plotted. 


TABLE I 
Incorporation of AMP*® into RNA I and II 
Each vessel contained 1.5 wmoles of AMP*, 153,000 c.p.m. per 
pmole; 42 umoles of 3-phosphoglyceric acid; 30 ymoles of MgCl,.; 
30 umoles of potassium phosphate, pH 7.4; 1.5 mg of rabbit muscle 
extract; lyophilized extract containing 90 mg of protein in a final 
volume of 5.4 ml. 


Incu. RNAI RNA II 
tion | wat | Specie activity 
time, RNA | AMP | activity | RNA | AMP# activ ity | 

min. | mg | me —mpmoles moles/ 
5 | 0.25 | 17 7 | 0.22 | 64 | 9 | 27 
10 | 0.25 | 2 | 116 | 0.18 | 5.3 | 2 | 4.0 


* Several of the tubes of RNA I were lost. 


some radioactivity. BaCQOs plates of control samples contained 
0 to 2 ¢.p.m. per plate, whereas active samples contained 40 to 
500 ¢.p.m. per plate. 

For the experiment which demonstrated incorporation of C'™- 
leucine into fractions of RNA I and RNA II isolated from the 
Ecteola column (Fig. 2), a Packard Tri-Carb scintillation counter 
was employed and the fractions were hydrolyzed with alkali, 
and taken to dryness before addition of hvamine and toluene (6). 

For studies on the incorporation of C™-leucine into RNA 
reported in Tables IV and V, the reaction mixtures were pre- 
cipitated with cold 0.4 ~n HClO,, and the precipitates were 
washed four times with 0.2 n HCIO,, once with 0.2 n HClO; 
ethanol, 1:5, and two times with ethanol. The precipitates were 
extracted with a mixture of ethanol-ether-chloroform, 2:2:1, for 
10 minutes at 50° and then washed two times with ethanol and 
two times with ether. Volumes of all washings were 10 ml. 
The final precipitate was suspended in 3 ml of ether for plating 
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(7). The planchets were counted by an end window counter, 
weighed, and a correction factor for infinite thinness as well as 
a conversion factor to BaCO; counted in the gas flow counter 
were applied. 

Labeling in Vivo of RN A—lIn order to obtain a labeled RNA 
fraction to study the possible interconversions, 2 mc of Na:zHP"O, 
were injected intraperitoneally into a rat. The animal was 
killed after 18 hours and the liver supernatant fraction prepared 
in the usual manner. The undialyzed material was extracted 
with phenol and the RNA fractions isolated on the intermediate 
sized column, described above. The RNA fractions were dia- 
lyzed for 18 hours against water and concentrated by lyophiliza- 
tion. The RNA I preparation contained 21,500 c.p.m. per mg. 


RESULTS 


Conditions for Incorporation of AMP® into RNA—A pH 
optimum of 7.4 was noted for the incorporation of AMP®. The 
optimum concentration of AMP® was between 2.5 and 5.0 x 
10-4 m. The incorporation of AMP® continued for 12 to 15 
minutes but did not show a linear relationship with time. Mag- 
nesium and 3-phosphoglyceric acid were shown to be essential 
for incorporation of AMP®, whereas amino acids or ribonucleoside 
triphosphates added in concentrations of 0.5 or 1.0 k 10-3 
showed slight inhibitory activity. Boiled extract of rat liver 
also gave no stimulation of incorporation. Initially a muscle 
preparation for the regeneration of ATP with phosphoglycerie 
acid was added, but the enzyme was found to be unnecessary. 
With the rat liver system it was possible to show a variable 
stimulation of 2- to 3-fold by the addition of 1 mg of RNA which 
had been isolated by the phenol method from the supernatant 
fraction of rat liver centrifuged for 1 hour at 105,000 x g. The 
addition of RNA isolated in a similar fashion from rat liver 
microsomes or the addition of fresh rat liver microsomes inhibited 
AMP® incorporation into RNA. 

When the RNA was isolated after incubation with AMP®, 
degraded with alkali, and the nucleotides separated by electro- 
phoresis, the radioactivity migrated with the CMP. 

Chromatographic Separation of RN A I and II after Incubation 
with Labeled Adenylic Acid—Extracts were incubated with AMP® 
for 5 minutes after which the RNA was isolated and chromato- 
graphed on Ecteola resin. The results of such a separation are 
indicated in Fig. 1. It is obvious that the specific activity of 
RNA I exceeds that of RNA II. It is also of interest that the 
specific activity of the different aliquots of RNA I varies, indicat- 
ing that this material is heterogeneous. The data from an ex 
periment in which the amount of incorporation into RNA I and 
Il was determined as a function of time are presented in Table L 
There was no incorporation in the zero time controls and it is 
evident that the specific activitv of RNA I is higher than RNA 
Il as each point in time. The question arises whether all of the 
radioactivity found in RNA II represents contamination from 
RNA I, since it had been shown that on rechromatography of 
RNA I, generally 15 to 20°; of it can be reisolated at the point 
of migration of RNA II (1). In this experiment, if one assumes 
that all of the radioactivity isolated in RNA II is a contaminant 
from RNA I, and then calculates the percentage of the total 
counts found in RNA II, the figures are 26, 27, and 15°; for the 
2.5-, 5-, and 10-minute incubations. The assumption is also 
made that 0.25 mg of RNA I was isolated after 2.5 minutes. 
These calculations suggest that there is incorporation of AMP* 
into only RNA I. In the experiment in Table I the maximum 
specific activity of RNA I was 116 mymoles per mg of RNA; 
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with a different preparation in two other column chromatographic 
experiments the specific activities were 47 and 45 mumoles per 


mg. 
Adenylic acid labeled with C™ in the 8-position was used as a 
precursor, and the RNA fractions were separated and degraded 
with alkali to liberate any terminal adenosine and internal AMP. 
Table II indicates the results of these experiments in which 
adenosine and AMP were isolated. In Experiment 1 the C™ 
activity in RNA II amounts to 28° of the sum of the activities 
vf RNA I plus RNA II, and in Experiment 2 it is 25%. The 
distribution of labeling between adenosine and AMP is different 
in the two experiments, but appears to be equivalent between 
RNA I and II in the same experiment. Results reported pre- 
viously (8) which indicated a difference between the nucleoside- 
uucleotide ratio in RNA I and II were obtained by paper chro- 
matographic techniques; results reported here were obtained by 
ion exchange column isolation of adenosine and AMP. The 
similar ratios in RNA I and II as well as the different ratios 
between the two experiments suggest that most if not all of the 
labeling of RNA II is due to contamination by RNA I. 
Incorporation of Leucine-1-C“ in RNA Fractions—Incubation 
of leucine-1-C’ and ATP with the crude extract resulted in 
incorporation of radioactivity into both RNA fractions. The 
results of several experiments are indicated in Table III. The 
milligrams of RNA I and II recovered from the Ecteola column, 
the total mumoles of C'-leucine recovered in the RNA fraction, 
and the specific activity as mumoles per mg of RNA are reported. 
In Experiment 1, the incorporation as a function of time was 
4- to 6-fold greater into the RNA II fraction than into RNA LI. 
In Experiment 2, it is obvious that ATP is required for incorpora- 
tion of the amino acid into both RNA fractions. The amount 
of amino acid incorporated in this experiment is greater than in 
the previous one and again the activity in RNA II exceeds that 
in RNA I. This finding is of considerable interest since the 
treatment of the RNA fractions with alkali followed by ninhydrin 
resulted in the liberation of C™O, from the leucine-1-C™. This 
indicates that the amino acid is not bound in a peptide linkage. 
It should be pointed out that in Experiments | and 2 this incuba- 
tion was carried out at pH 7.4 and the RNA was extracted at 
pH 6.85, pH’s at which the amino acid-RNA bond has been 
shown to be moderately unstable. Experiment 3 was done to 
determine whether the pH of incubation and phenol extraction 
affected the recovery of C™ in the RNA fractions, and 
also whether the C™ radioactivity corresponded to the ultraviolet- 
absorbing material in each peak. The substrates in Experiment 
3a were incubated at pH 7.4 and extracted at pH 6.9 whereas 
those in 3b were incubated at pH 7.0 and extracted at pH 6.0. 
The C™ recovered at the lower pH’s was approximately one- 
third more. The total activity was determined by liquid scintil- 
lation counting of each fraction. The radioactivity followed the 
ultraviolet absorption very closely in both RNA I and RNA II. 
The parallel behavior in RNA II was better than that indicated 
in Fig. 2. It is of interest that in Experiments 1 to 3, although 
more radioactivity was isolated in RNA I, the specific activity 
of RNA II was higher. This indicates that the C™ recovered in 
RNA II cannot be dme to simple cross contamination from RNA 
I. In Experiment 4, a mixture of RNA I and II extracted from 
the lvophilized powder with phenol was incubated with the rat 
liver preparation. In this case, 90°, of the C™ was bound in 
RNA I and the specifie activity of RNA II was half of that of 
RNA I. The elution pattern of this experiment is shown in 
Fig. 2. The increase in optical density and C™ activity of Frac- 
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C'*.AMP incorporation into terminal and internal 
positions in RNA I and II 
Each vessel contained 6 umoles of AMP-8-C" (1.14 & 10° ¢.p.m. 
per umole), 140 wmoles of phosphoglyceric acid, 100 wmoles of 
MgCl;, 100 wmoles of potassium phosphate buffer, pH 7.4, 370 mg 
of lyophilized powder in 18 ml. Inecubated 10 minutes at 37°. 


| | RNAI RNA II 
Experiment | Compound isolated ‘Total Total 
activity activity 
| in I in Il 
mymoles % myumoles % 
l | Adenosine | 4.9 | 2 6.1 76 
AMP | | | | 
2 | Adenosine 37.4 =| «100 11.8 07 
| AMP 0.09 | 0 0.40 3 
Taste Ill 


Incorporation of C'*-leucine into RNA fractions 


For Experiments 1 and 2, each vessel contained 10 wmoles of 
leucine-1-C'* (1.7 10° ¢.p.m. per gmole), 45 wmoles of MgCl., 90 
umoles of potassium phosphate buffer, pH 7.4, 330 mg of lyophi- 
lized extract, and, where indicated, 8 wmoles of ATP and 12 wmoles 
of PGA* in a final volume of 12 ml. Incubation temperature was 
37°. C'-Leucine was degraded by the ninhydrin procedure. 
Conditions for Experiment 3a were similar to Experiments | and 
2, incubation at pH 7.4 and phenol extraction at pH 6.9, while the 
3b incubation was at pH 7.0 and phenol extraction at pH 6.0. 
For Experiment 4, 3.12 umoles of leucine-1-C"™, 25 umoles of MgCl., 
10 upmoles of ATP, 35 wmoles of PGA, 50 umoles of tris(hydroxy- 
methyl )aminomethane buffer, pH 7.0, 1.25 mg of RNA containing 
RNA I and II and extracted from the rat liver preparation, and 
62 mg of lyophilized extract in a final volume of 3 ml was incubated 
at 37°. The leucine activity was determined by scintillation 
counting. The experiment is illustrated in Fig. 2. 


Sag | RNA I | RNA II 
Fxper-Time| Additions — - 
| | Total | | Total | 
| me mypmoles | me 
| | | } me | me 
1 | None 0.75 0 |0 jo 


5 ATP, PGA* 0.44 0.06 0.14 0.49 0.41 0.84 


| | 
| 10 ATP, PGA 0.55 0.13 0.24 | 0.57 0.61 | 1.07 
| | | | | | 
2 0 None 0.61 0.001 0.002 0.47 0.003 0.006 
| None 0.92 0.001) 0.001) 0.68; 0.001) 0.001 
ATP, PGA | 3.52 | 0.45) 2.52 | 5-60 
3a | «ATP, PGA 0.65 0.49 0.75 | 0.22) 0.31 | 1.4 
3b | 5 ATP, PGA 0.88 0.77 O.88 | 0.28 0.44 1.6 
| | | | | 
4 | 15 ATP, PGA 0.70 1.40 2.0 0.14 0.15 1.1 


* Phosphoglyceric acid. 
tion 41 represents residual RNA I not completely eluted with 
the NaCl gradient as indicated by the fact that optical density 
and C™ values had not reached zero at the time the alkali gradi- 
ent was started. Approximately 2 times the standard amount of 
RNA was placed on this column. It is of interest that the C™ 
activity of RNA II in Fractions 48 through 52 exceeded the 
ultraviolet values. This may have been due to alkaline hy- 
drolysis of earlier fractions and elution of the C™leucine which 
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Fic. 2. Isolation of RNA I and RNA II from Ecteola adsorbent after incubation of phenol-extracted RNA with C™-leucine and 


the rat liver extract (Table III, Experiment 4). 


behaved as an anion at high pH. Thus, there appears to be a 
difference between the fixation of C'-leucine into RNA I and II 
when they were present in the extract, and when they were ex- 
tracted with phenol and then incubated with a smaller quantity 
of extract. It seems that the ability to fix C™-leucine into ma- 
terial which on chromatography was isolated as RNA II was de- 
creased or lost when the RNA was extracted with phenol before 
the incubation. 

The ability of RNA I and RNA II to stimulate amino acid 
incorporation was tested and the results are presented in Table 
IV. A direct relationship was noted between the amount of 
RNA I added and the amount of C™ incorporated. RNA II 
of Preparation 1 showed approximately one-half the effect per 
mg as RNAI. In one preparation it was possible to isolate the 
second peak which occasionally was found in preparations of 
RNA I (see Fig. 1 of previous paper (1)). The ability of this 
peak to stimulate C'-leucine incorporation was similar to that of 
the main portion of the RNA fraction. Microsomal RNA was in- 
active. Since RNA II in Experiments 1, 2, and 3 of Table IIT had 
a higher specific activity than RNA I, yet showed less activity in 
several experiments when isolated and added back to the incuba- 
tion mixture (Table IV), it seemed possible that RNA II had to 
be present in the system as a ribonucleoprotein in order to act 
efficiently. However, the postmicrosomal fraction isolated from 
the dialyzed, lyophilized 105,000 x g supernatant fraction by 
centrifugation at 105,000 x g for 3 hours and resuspended in 
0.001 m MgCl, , 0.001 m potassium phosphate buffer, pH 6.85, 
did not stimulate incorporation when added in amounts of 0.2 
to 0.8 mg of protein or 0.05 to 0.2 mg of RNA. 

Since GTP was required for the incorporation of amino acid 
into microsomal protein (9) it seemed possible that it might have 
some effect on the postmicrosomal fraction. A slight stimulation 
of C-leucine was noted (Table V, Experiments 1 to 3) but with 
concentrations of GTP higher than those required for the micro- 
somal effect. It is doubtful whether this is significant. GTP 
did not increase the incorporation into an acid stable product. 
There was an inhibition of incorporation of leucine into both the 
cold and hot perchloric acid precipitates due to the addition of 


Optical density in units per ml and counts in units per ml are given. 


the 19 other amino acids (Experiment 2). Finally the addition 
of CTP did not stimulate incorporation of C™-leucine (Experi- 
ment 3). 

Lack of Conversion of RNA I to RNA I1—Because RNA II on 
rechromatography showed a high percentage of RNA I and 
because RNA II showed some stimulation of amino acid incor- 
poration, it appeared reasonable that RNA I might be converted 
to RNA II. This possibility was tested by incubating RNA I 
labeled with P® with the extract and then re-extracting the 
RNA’s with phenol for chromatography. The results of this 
experiment in vitro are presented in Table VI, and indicate that 
under these conditions there was no evidence for the conversion 
of RNA I to RNA IIL. The contamination of RNA II by a 
constant amount of RNA I is evident. 


DISCUSSION 


In the previous paper (1) experiments were described which 
demonstrated that RNA I existed primarily in the supernatant 
fraction of rat liver after prolonged centrifugation at high speed 
whereas RNA II could be isolated primarily from a postmicro- 
somal fraction. ‘The postmicrosomal! fraction also contained a 
variable amount of RNA I. Microsomal RNA was found to 
behave chromatographically similarly to RNA Il. It was also 
noted that when RNA II was isolated under mild alkaline condi- 
tions and was rechromatographed, 20 to 42% migrated like RNA 
1. 

Studies on the incorporation of AMP into the RNA indicated 
that this system was similar to the systems studied by others. 
The isolation of CMP®, after alkaline degradation of RNA in 
cubated with AMP® (10), as well as the predominant labeling 
of the terminal nucleotide (5) noted in these experiments is in 
agreement with the data of other workers. It is of interest that 
the RNA isolated from the pH 5 enzyme by Hoagland et al. (11) 
contained RNA I and RNA II. Chromatographic separation 
and counting of RNA I and II indicated that AMP was incor- 
porated predominantly into RNA I. The recent experiments 
with C'"-AMP suggest that the isotopic activity recovered in 
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IV 
Effect of addition of RNA I and II on C"*-leucine incorporation 
Each vessel contained 2.5 wmoles of leucine-1-C'*, 4 wmoles of 
ATP, 14 wmoles of phosphoglyceric acid, 10 wmoles of MgCl:, 20 
ymoles of tris(hydroxymethyl)aminomethane buffer, pH 7.0, 25 
mg of lyophilized extract, in a final volume of 1.0 ml. Incubation 
15 minutes at 37°. 


még mymoles mymoles 
1 0 0.63 0.60 
0.125 0.88 0.87 
0.250 1.03 0.97 
0.50 1.78 1.08 
1.0 2.75 
1.0 heated* 0.0 
2 0 0.55 
1.0 1.83 


4 After incubation, heated to 100° for 10 minutes in 0.4 N 
HCIO,. 


RNA IL was due mainly to cross contamination from RNA I 
rather than to incorporation as was previously suggested (8). 

The incorporation of C'-leucine into RNA I and II was in- 
vestigated under two conditions: first, into RNA present in the 
extract, and second into RNA isolated by the phenol method 
from the extract and then incubated with smaller amounts of the 
extract. When the incorporation of leucine into RNA I and II 
present in the extract was studied, the specific activity of RNA 
IL was noted in all experiments to be greater than that of RNA 
I. The total number of counts incorporated into RNA II was 
greater than those in RNA I in two experiments and less in two 
experiments. The higher specific activity of RNA II is a strong 
argument against cross contamination of RNA II by RNA I. 
When both RNA’s were extracted and then incubated, the C™- 
leucine was incorporated almost completely into RNA I, and the 
specific activity of RNA II was half of that of RNAI. In this 
case it seems probable that the activity in RNA II could arise 
by contamination from RNA I. 

When RNA I and RNA II were separated, and then each 
tested for its ability to stimulate C'-leucine incorporation, it was 
noted that RNA I was generally 2-fold as active. Microsomal 
RNA showed no stimulation. It is of interest that the stimula- 
tion from RNA II paralleled roughly the amount of RNA I which 
was isolated on rechromatography. 

One interpretation of the experiments reported in this and the 
preceding paper is as follows. There is one species of amino acid 
acceptor RNA for each amino acid. However, this species can 
exist in two forms. One form (RNA I) is found in the super- 
natant fraction after prolonged bigh speed centrifugation. It is 
probably associated with proteia since it is only partially re- 
moved by Dowex treatment. This form can act as a acceptor 
for AMP which is incorporated predominantly into the terminal 
nucleotide, and this form can also incorporate C"-leucine. The 
second form (RNA IT) in which this amino acid acceptor RNA 
may be found is associated with particles which can be sedi- 
mented by centrifugation at high speeds and which represent a 
postmicrosomal fraction. There is no evidence as yet that RNA 
I exists in significant amounts in the microsomal fraction. The 
amino acid acceptor RNA in this second form may be bound in 
such a manner that it will not incorporate AMP into the terminal 
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TaBLe V 
Effect of addition of nucleotides and amino 
acids on C'*-leucine incorporation 
Conditions similar to those noted under Table IV. 


Experiment Additions mymoles 
1 0 0.55 
GTP, 0.2 wmole 0.56 
GTP, 2.0 umoles 0.71 
2 RNA I, 0.25 mg 1.20 
RNA I, 0.25 mg + GTP 1 gmole 1.27 
RNA I, 0.25 mg + amino acids, 1.25 0.99 


pmoles each 
RNA I, 0.25 mg + amino acids, 1.25 0.86 
pmoles each, + GTP 1 umole 
RNA I, 0.25 mg, heated* 0.06 
RNA I, 0.25 mg + amino acids, 1.25 0.04 
pmoles each, + GTP 1 umole, heated* 


3 0 0.56 
GTP, 1 umole 0.60 
UTP, 1 umole 0.54 
CTP, 1 umole 0.35 
GTP, UPT, CTP, 1 smole each 0.51 


* As noted under Table IV. 


Taste VI 
Evidence against conversion of RNA I to RNA II 


Each vessel contained P*-RNA 1 0.23 mg, 42 umoles of phos- 
phoglyceric acid, 15 wmoles of MgCl, 30 wmoles of potassium phos- 
phate, pH 7.4, 1.5 mg of rabbit muscle extract, 110 mg of lyophi- 
lized extract in a final volume of 5.2 ml, and where indicated 2.8 
umoles of ATP, 2.0 umoles of GTP, 2.0 umoles of UTP. 


| Counts recovered | Counts 
Incuba- in 

Conditions | tion . Frac- 

| time |Fraction 1| Fraction) tin 
0 3770 655 15 
10 3715 40 20 
waits 10 4745 745 14 
y 10 4266 775 16 


nucleotide, yet will incorporate C™-leucine. It is possible that 
the C'-leucine-RNA bond is more stable in this form than in the 
free form. It is also possible that the amino acid acceptor RNA 
can be liberated from this bound form by the conditions used for 
elution from the Ecteola column. There is one disturbing feature 
regarding this hypothesis, the inability to show conversion of 
RNA I to RNA II in vitro. However, RNA I might have to be 
associated before any conversion with a specific protein which 
the extraction with phenol destroyed, Further experiments are 
required to clarify this point. 

If this hypothesis is correct, it might provide support for the 
experiments of Von der Decken and Hultin (12) who have dem- 
onstrated some conversion of the RNA which exists in the super- 
natant fraction to the microsomal fraction. This type of ob- 
servation has been amplified by Stephenson et al. (13). 

The data reported in these two papers serve to illustrate some 
of the difficulties which may be encountered in the chromatog- 
raphy of macromolecules, and also some of the complexities of 
the amino acid acceptor system which may exist in the cell before 
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the resolution into its component parts. The solution of this 
problem requires a better definition of the component parts, the 
different RNA species, and their related enzymes. 


SUMMARY 


1. The incorporation of adenosine 5’-phosphate and leucine 
into two ribonucleic acid (RNA) fractions (I and IT) present in 
the high speed supernatant fraction of rat liver and isolated 
after extraction with phenol by chromatography on Ecteola ad- 
sorbent was studied. 

2. The incorporation of adenosine 5’-phosphate occurred pre- 
dominantly if not entirely into RNA I. 

3. The amount of incorporation of C'-leucine into these RNA 
fractions varied and depended upon whether the RNA had been 
extracted with phenol prior to the incubation. Incubation with 
unextracted RNA showed a higher specific activity in RNA II. 
Addition of extracted RNA showed predominant labeling of RNA 
I. 

4. The addition of RNA I to incubation mixtures stimulated 
incorporation of C'leucine to values approximately twice those 
noted on addition of RNA II. 


Metabolism of Rat Liver RN A 


— 
So nso — 


Ces oe 


Vol. 234, No. 12 


5. The data suggest that amino acid acceptor RNA may exist 
two forms. 
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The role of metals in the function and structure of many 
enzymes has been well documented (2). Their occurrence or 
possible role in the structure and function of nucleic acids has 
not been determined. 

Metals have been known to interact with nucleic acids and 
their substituent nucleotides. There have been repeated, though 
sporadic reports, that nucleic acids, isolated from various sources 
actually contain or interact with one or several metals (3-17). 
Various elements, but particularly the alkaline earths, have also 
been found to effect both the structure and some functional 
characteristics of chromosomes (18-23). The concentration of 
magnesium in the medium in which cytoplasmic ribose nucleo- 
protein particles are suspended affects their structure, and the 
degree of polymerization of these particles depends on the magne- 
sium concentration of the medium (24-27). The capacity of 
nickel, among other elements, to preserve the infectivity of 
tobacco mosaic virus ribonucleic acid has been commented upon 
(28). Although these studies have served to focus attention 
on the possible interaction between metals and nucleic acids, 
they have been either incomplete in terms of the compositional 
characterization of nucleic acids or inferential in the sense that 
the effect of added metals on nucleic acid or nucleoprotein struc- 
ture has been examined. 

In this first, systematic examination of nucleic acids isolated 
from a variety of tissues and species, they are shown to contain 
large amounts of firmly bound metals. 

This examination of the metal content of nucleic acids resulted 
from a systematic search for a chromium-containing natural 
product, based on the similarity of the atomic structure of this 
metal to that of other elements of the first transition period of 
the periodic table. Vanadium, iron, cobalt, copper, and zine 
have all been found to be part of biologically active, native 
compounds. Chromium, nickel, and manganese, although 
chemically very similar to those metals of the first transition 
group of the periodic table, had not been detected as part of such 
specific systems though such occurrence has been predicted (29) .! 
This “‘transperiodic” analogy led to the isolation of a chromium 
containing substance from beef liver. This material proved to 


* Supported by grants-in-aid from the National Institutes of 
Health, the Nutrition Foundation, and the Howard Hughes Medi- 
cal Institute. 

+ A preliminary account has been presented (1). 

' The detection of manganese in transphosphorylase of crayfish 
muscle is in need of confirmation (30). 


be a nucleoprotein which contained 1080 ug of chromium per g 
dry weight, representing a 20,000-fold aggregation of this metal, 
over the 0.05 wg per g, in whole liver. This substantial aggrega- 
tion in a specific biological material is presently a unique observa- 
tion and implies a specific association (31). This substance also 
contained large quantities of nickel, magnesium, calcium, 
strontium, barium, aluminum, iron, copper, and zine. The 
knowledge of the presence of metals in nucleic acids suggests new 
approaches to the elucidation of the biological function and 
specificity of these compounds. 


EXPERIMENTAL 


Materials and Methods 


RNA was obtained by the phenol extraction method (32, 33). 
All mammalian organs, e.g. beef liver, calf pancreas, calf thymus, 
and horse kidney, were obtained directly from a slaughter house, 
cooled immediately, and stored at —20° until processed; they 
were then homogenized in a Waring Blendor with twice the 
volume of 0.05 M potassium phosphate buffer, pH 7.4; the homog- 
enates were then filtered through a Saran screen and an equal 
volume of 90° aqueous phenol was added to perform the extrac- 
tion. Euglena gracilis was grown in the dark in a defined medium 
(34), the cells were disrupted with a Logeman hand mill imme- 
diately after harvest and then extracted with phenol as above. 
Reticulocytes were obtained by cardiac puncture from rabbits 
treated for 1 week with phenylhydrazine. The cells were lysed 
by suspension of the washed, packed cells in metal-free water 
followed by extraction with phenol. A high molecular weight 
RNA was prepared from rat liver by the method of Laskov (35). 
Male rats, weighing 250 g, were fasted for 48 hours and killed 
by decapitation; the livers were removed and placed immediately 
in liquid nitrogen (Hisaw strain, Harvard Biological Labora- 
tories). After removal from liquid nitrogen they were placed 
in a precooled porcelain mortar cleaned with acid (36), and 
ground to a fine powder. The powdered livers were mixed with 
equal volumes of 90% aqueous phenol and 10-4 wm EDTA,? pH 
8.0, using 600 ml of this mixture for every 100g of liver. The 
mixture was then homogenized in a Potter-Elvehjem homogenizer 
cleaned with acid (36), and the resulting homogenate was treated 
exactly as described (35). There was no contact with stainless 
steel in either of the last two preparations. Supernatant RNA 


? The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; OP, 1,10-phenanthroline. 
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TABLE I 
Emission spectrographic analysis of 90% phenol solution? 


Metal content (expressed in ug/ml)® 


Mg Ca Sr Ba Al Fe Cu 


0.15 1.1 0.013 0.055 | 0.025 | 0.09 0.072 


* The following elements were searched for in all spectrographic 
analysis. Only those detected are listed: Mg, Ca, Sr, Ba, Pb, 
Al, Cr, Mn, Fe, Ni, Co, Zn, Mo, Cd, Sn, Ti, Cu. 

’ Not detected: Mn, Cr, Ni, Co, Zn, Cd. 


TaB_e II 
Metal content of beef liver RNA 
Mg 500 Cr 86 
Ca 930 Mn 81 
Sr 26 Fe 370 
Ba 99 | Ni 63 
Al 37 Cu 147 
Zn 291 
* Values given as wg per g of RNA. 
TaB_e III 
Repeatability of spectrographic analyses obtained on single sample 
of beef liver RNA 
Metal content® 
Analysis 
Meg Ca Sr | Ba | Al | Cr |Mn| Fe | Ni| Za 
I 560 | 870 | 23 | 46 | 17 | 55 | 66 | 240 | 62 | 310 
II 560 | 930 | 28 | 48 11 | 46 | 58 | 180 | 49 | 310 
III 600 | 890 | 24 | 54 14 47 | 60 | 160 | 58 | 240 
IV 700 | 870 | 27 | 54 12 | 5O | 65 | 140 | 73 | 280 


* Values expressed as wg per g of RNA. 


IV 
Metal content of RNA from various sources (in wg per g of RNA) 
Source Mg Ca | Sr | Pb Al | Fe | Ni (Cu*) Zn 
Calf pancreas 3401500 75 94120 34140) 66 230 130 + | 620 « 
(S-RNA)calf 620, 710 18180 « | 78 18 29 230 18 * | 200 « 
pancreas | | 
Calf thymus | 91) 540) 46) 38) 21) 77 28 220 74.76 200, « 
Horse kidney 280, 500 15 56 52,180 400) 95 44 | 17020 
Rabbit reticulo-980'2100 190220) « 82 57 | 41) * | 170 « 
cyte 
Euglena gracilis 400 920, 27, 91) 69 32, 76 73 180, 60190, 650, « 
Rat liveré 5802000) 14) 81) « 630 102, 33 180 64 11300 « 


Microchemical analysis. 
>’ Not analyzed. 

©¢ Not detected. 

4 Procedure of (35). 


of calf pancreas was prepared by phenol extraction of the “pH 
5” precipitate of the supernatant fraction of calf pancreas.* 
DNA was prepared from beef liver by extraction with 10% 
sodium chloride solution (37) and by phenol extraction (10, 38, 
39). 
* Kindly supplied by Dr. A. Meister, Tufts University, School 
of Medicine. 
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Metal-free water, prepared by ion exchange, was used through- 
out (36). All glassware was cleaned with acid before use, ag 
previously described (36), to ensure against contamination. The 
reagent grade phenol used for extractions contained insignificant 
amounts of metals. Table I shows a representative emission 
spectrographic analysis of this reagent. All other reagents used 
in the extraction procedures were reagent grade and either were 
extracted with dithizone in carbon tetrachloride or passed over 
ion exchange beds of IR 120 resin (Rohm and Haas). Spectro- 
graphic analysis of all reagents after purification revealed no 
significant metal contamination. 

RNA was measured by the orcinol method (40), DNA by the 
diphenylamine procedure (41), and protein by the Lowry phenol 
method (42). Samples were prepared for metal analysis by dry 
ashing in a quartz-lined muffle furnace at 700°. Emission 
spectrographic analyses were carried out with the use of the 
porous cup spark method previously described (43). Chromium 
was also measured microchemically with a modification of the 
diphenylearbohydrazide method (44). Copper was measured 
with the sodium diethyldithiocarbamate procedure (45); cad- 
mium was also determined by dithizone extraction in chloroform 
(46). 

Dialyses were performed in cellophane dialysis tubing (Visking 
Corporation) which was treated before use (47). 

A Beckman model DU spectrophotometer or a Cary recording 
spectrophotometer was employed for absorption spectrophotom- 
etry. 

All reagent grade chelating agents were obtained from the 
following sources: ethylenediaminetetracetic acid (Bersworth 
Chemical Company), 1,10-phenanthroline (G. F. Smith Com- 
pany), dithizone and sodium diethyldithiocarbamate (Eastman 
Organic Chemicals), 8-hydroxyquinoline (Baker Chemical 
Company). 


RESULTS 


The metal content of beef liver RNA is shown in Table II. 
It contains significant amounts of magnesium, calcium, strontium, 
barium, aluminum, chromium, manganese, iron, nickel, copper, 
and zinc. The repeatability of the spectrographic method and 
of the ashing procedure are documented in Table III, which 
shows four replicate spectrographic analyses of the same sample 
of beef liver RNA. 

The metal content of RNA from pancreas, supernatant of 
pancreas, and the thymus of the calf, horse kidney, rabbit 
reticulocytes, Euglena gracilis, and rat liver are shown in Table 
IV. All of the metals present in beef liver RNA are also present 
in significant amounts in the RNA’s from these phylogenetically 
diverse sources. The preparations from calf pancreas, horse 
kidney, and Euglena gracilis contain lead; it is absent from the 
others. Cadmium is only present in the RNA from horse kidney 
cortex; it is not detected in that from any other source. 

The large number of phosphate groups of RNA constitute 
obvious loci on this molecule for potential interaction with 
metals; stoichiometry between metals and phosphate groups 
might therefore be expected. The moles of phosphate per g 
of RNA, however, are far in excess of the number of gram atoms 
of any one metal per gram RNA. Even the total sum of all 
metals present, 2 Me, expressed in gram atoms per gram of RNA, 
is far less than the moles of phosphate present. In fact the 
ratio YMe:phosphate, in total gram atoms of metal per mole 


phosphate x 10-%, is 1:50. 


| 
| i | | 


Vo. 12 
rough- 


Ise, as 
The 
ificant 
nission 
S used 
r were 
d over 
rec tro- 
led no 


December 1959 


Fig. 1. The ratio of the sum of the micromoles of metals per 
gram of RNA to the phosphorus content per gram of RNA 
(2Me:P) in the RNA’s from beef liver, calf pancreas, supernatant 
RNA of pancreas (S-RNA), horse kidney, Euglena gracilis, calf 
thymus, and rabbit reticulocytes. The data represent the mean 
of four replicate analyses, with the exception of beef liver RNA 
and pancreas RNA where 11 and 2 analyses were performed, re- 
spectively. The range of the ratios varied by <10% in all cases. 


Internal, chance contamination of the phosphate group does 
not seem to account for the presence of metals in RNA. It 
would be expected that most of the phosphate groups would 
interact readily with the excess of existent metal ions if this 
phenomenon were due to such contamination. Furthermore, 
the ratio 2 Me: phosphate, although small, is remarkably constant 
regardless of the biological source of RNA. The ratio >Me: 
phosphate in the RNA’s from beef liver, calf pancreas, super- 
natant of calf pancreas, horse kidney, and Euglena gracilis are 
closely similar, averaging 2.2 x 10°? gram atoms of total metals 
per mole of RNA phosphorus. The only significant deviations 
were observed in the RNA from rabbit reticulocytes where the 
ratio is higher and in that from calf thymus where it is lower 
(Fig. 1). 

Equally important is the observation that these metals are 
firmly bound to RNA, as evidenced by several experimental 
approaches. The metal content of all the various RNA’s was 
not lowered by dialysis against large volumes of metal-free 
water, pH 5.8. Nor was the metal content affected significantly 
by dialysis of beef liver RNA against various buffers from pH 4 
to 9 for 48 hours. 

Further confirmation of the firm binding of metals to RNA 
was derived from dialysis experiments with several chelating 
agents. Aliquots of beef liver RNA were dialyzed for 48 hours 
at 4°, against 0.1 m EDTA, pH 7.0, 0.001 m 8-hydroxyquinoline, 
pH 7.0, and 0.001 m dithizone, pH 7.4. The results of dialysis 
for 48 hours against these three agents on the zinc, manganese, 
and iron contents of beef liver RNA are shown in Table V. 
EDTA and 8-hydroxyquinoline removed manganese and zinc, 
but the iron content is barely altered. Dithizone, which is 
poorly soluble in water, does not affect the metal content signifi- 
eantly under the conditions employed. In a further experiment, 
RNA was successively precipitated six times from 0.1 m EDTA 
by 3 volumes of 95% ethanol and then redissolved. Even after 
this exhaustive treatment significant quantities of strontium, 
barium, calcium, iron, chromium, manganese, aluminum, and 
magnesium were still present in this RNA (Table VI). 

A specific and determined attempt to remove iron by dialysis 
against (OP) was unsuccessful; when in excess, this agent forms 
a slightly dissociable coordination complex with Fet*, which 
(characteristically for this valence state (48)) absorbs maximally 
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TaBLe V 
Effect of dialysis with chelating agents on metal content of beef 
liver RNA 


Metal content® 


Zn Fe Mn 
Before dialysis 75 100 31 
0.1m EDTA® 0 71 0 
0.001 m 8-Hydroxyquinoline’ 0 96 14 
0.001 m Dithizone-< 71 89 27 


* Values expressed as wg per g of RNA. 
> pH 7.0. 
©‘ pH 7.4. 


Taste VI 


Metal content* of beef liver RNA before and subsequent to 
siz successive precipitations from solution of 0.1 m 


EDTA, pH 7.0 
Mg Ca |Sr Ba\Al CriMn) Fe ‘zn 
Control 370 260 49 37 27 12 24 390 50 
EDTA treated (6 times) 8 210 4 31314) 8 140 0 


* Values expressed as wg per g of RNA. 


> Fe=Ixl0°M 
= Fe IN RNA=1x10°M 
z = 
= 4 
oOo 
jf 


| 
440 480 520 560 600 640 
WAVE LENGTH (mz) 

Fig. 2. Absorption spectra of 1 X 10-5 m Fe**, the curve desig- 
nated (Fe** + OP) and RNA containing 1.5 X 10-* miron, (RNA + 
OP), in the presence of 5 X 10-3 mM OP. The absorption spectra 
are virtually identical as a function of wave length with maxima 
at 510 my; the extinction coefficient of the RNA-OP complex at 
510 my is less than that of the [Fe(OP);]** complex. Utilizing 
the extinction coefficient for the RNA-Fe-OP complex the iron in 
RNA can be determined directly, and is in agreement with meas- 
urements of iron after ashing of the complex. 


at 510 mu. Beef liver RNA (20 mg) dissolved in 2 ml of water 
was dialyzed against 200 ml of 5 x 10-* m OP for 48 hours. 
The RNA solution within the dialysis bag noticeably absorbs 
light at 510 my and is visibly red. This specific absorption is 
not altered by repeated dialysis of this material against distilled 
water. Apparently, a mixed complex forms: RNA-Fe-OP. 
The absorption spectrum of an RNA solution containing 1.5 x 
10-5 m iron, dialyzed against 5 x 10-* m OP for 24 hours at pH 
7, is shown in Fig. 2 (RNA-OP). The absorption spectrum of a 
solution of 1.5 10-5 m Fe** to which 5 10-* m OP has been 
added is also shown in Fig. 2(Fe + OP). The absorption as a 
function of wave length of the two solutions is virtually identical 
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Taste VII 
Metal content* of beef liver DNA 


Mg Ca Sr. Ba Cr 


10140 ©1.9 75150 330 68 110 


| 


110 280 21 110 140 81 25 400 


Mn/| Fe Cu? Zn 
| 


10% Sodium chloride ex- 
tracted 
Phenol extracted 


4 120 


¢ Expressed as wg per g. 
Microchemical analysis. 
© Not detected. 

4 Not analyzed. 


but the extinction coefficient of the RNA-Fe-OP complex is 
lower than that of the ionic complex. Such a change of the 
extinction coefficient may be indicative of, and is certainly con- 
sistent with, the presence of a mixed complex (49). 

The metal content of DNA has also been examined. Table 
VII shows the metal content of DNA from beef liver, obtained 
both by phenol extraction and by extraction with 10% sodium 
chloride solution. In DNA the ratio 2Me:phosphate in gram 
atoms per mole X 10° is distinctly less than that in RNA, 
amounting to only about one-third, or 1:150. 


DISCUSSION 


RNA, isolated from a wide variety of sources, extending from 
simple microorganisms to the biologically complex vertebrates, 
contained large amounts of different metals which were also 
found in ribonucleoprotein isolated by a different procedure. 
Chromium, manganese, and nickel, the transition elements of 
unknown biological association and function were present in 
every RNA examined. These elements have not heretofore 
been found to be aggregated to this extent in any other biological 
material; this supports the postulated specificity of interaction 
between metals and RNA. Since ribonucleic acids are known 
to be inhomogeneous, further purification may result in the isola- 
tion of ribonucleic acids which contain only one specific metal. 
A retrospective search of our analyses, performed during several 
years on many types of biological materials and recorded on some 
400 spectrographic plates, has shown that these elements, al- 
though detected infrequently, were found primarily in materials 
known to have a high content of nucleic acids, viz. microsomes. 

Metals were also found in DNA. However, the concentration 
of metals in terms of the total gram atoms of metals per nucleo- 
tide is much less in DNA than in RNA; this implies a specific 
interaction. If this finding were consequent to a spurious inter- 
action with phosphate groups only, it might be expected that 
the ratio of metal to phosphate, e.g. of either type of nucleic acid, 
would tend to be identical. 

The most obvious explanation for these findings, that they 
constitute an artifact as a result of external contamination, has 
been excluded by careful purification and analysis of the reagents 
and by rendering the equipment employed chemically sterile. 
The elaborate precautions developed in our laboratory for this 
purpose have been described previously (36). Stainless steel, as 
encountered in a Waring Blendor, does not contribute to con- 
tamination (36). Phenol, another obvious potential source of 
contamination, was analyzed and purified. Its metal content is 
insignificant and cannot account for these data; it did not con- 
tain Cr, Mn, or Ni, the elements singled out for inspection. 
Moreover, all these elements were encountered in the ribonucleo- 
protein, which was isolated in the absence of phenol (1). 
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Alternatively, spurious association of metals with RNA could 
result from circumstances other than biological association, 
Metals present in tissue, but either in ionic form or associated 
with another organic moiety (e.g. protein), could combine with 
RNA during the isolation procedure, a process designated internal 
contamination (36). 

The phosphate groups of RNA would be likely sites for such 
spurious interactions. In spite of the large excess of metal ions 
present in tissues, the phosphate groups are far from saturated. 
Thus, internal contamination does not seem a likely explanation 
for these observations. However, these considerations do not 
eliminate the possibility of binding to phosphate groups, particu- 
larly since polyphosphates bind metals to a marked degree. 

A cogent argument in favor of a specific association between 
the metals and RNA can be advanced from several lines of 
reasoning. Although the ratio of 2Me:phosphate is not unity, 
it is quite constant (1:50) over a wide biological range of origin 
of RNA examined. This suggests a specific locus of interaction 
on the RNA molecule. 

The formation of a coordination complex between metals and 
purine or pyrimidine bases deserves careful consideration. A\l- 
though such a chelate complex has not been demonstrated un- 
equivocally in nucleic acids, there is ample support for such a 
hypothesis. The nitrogens of nitrogenous bases, alone or in 
conjunction with their hydroxy] groups, constitute sites for the 
formation of chelates, for some of which dissociation constants 
have been determined (50-54). The keto-imide linkage of pep- 
tides has been suggested to interact with chromium to form very 
stable coordination complexes (55), and by analogy, the amide 
groups of these nitrogenous bases might be thought similarly to 
participate in metal binding. This suggestion, along with others, 
has been incorporated into models of the binding of magnesium 
to adenine and guanine (56). The recent detection of a hitherto 
unknown nucleoside, 5-ribosyluracil (57) for instance, implies 
that the organic composition of these substances is not known 
completely as yet and hence any suggestions advanced presently 
as to the nature of the binding site may have to be modified as 
new knowledge is gained. 

The proposition, envisioning the formation of a coordination 
complex between metals and the nitrogenous bases or other 
covalent binding sites of nucleic acids, gains experimental support 
from the present studies which demonstrate very firm associa- 
tion, indeed, between metals and nucleic acids. All conventional 
procedures employed to remove loosely bound metals, 7.e. dialysis, 
dialysis as a function of varying pH and with chelating agents, 
failed to remove all of the metals. In fact, subsequent to six 
successive precipitations of RNA out of a solution of 0.1 m 
EDTA, significant amounts of magnesium, calcium, strontium, 
zinc, aluminum, manganese, chromium, and iron are still present. 
Iron is bound so firmly that a mixed complex, RNA-Fe-OP is 
formed and iron 1,10-phenanthrolinate can be identified by its 
characteristic absorption spectrum. This circumstance yields 
approximations, at least, to the intrinsic dissociation constant 
of the RNA-Fe complex, since the constants for the [Fe OP]** 
complexes are known. The dissociation constant for the 
RNA-Fe complex is necessarily less than A, = 1.6  10~°, the 
dissociation constant of the [Fe (OP),]** complex, and may even 
be smaller than A, = 8 X 10>", the cumulative dissociation 
constant of the [Fe (OP).|** complex. Thus, as has been 
pointed out elsewhere (47), the formation of a mixed complex of 
this type represents a first approximation to the determination 
of the intrinsic dissociation constant of a ligand-metal complex. 
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The presumable value of this constant for the RNA-Fe bond is 
higher by several orders of magnitude than that of an electro- 
static bond, viz. metal-phosphate. 

The extremely firm binding of metals to nucleic acids is 
reminiscent of a class of organometallic compounds first described 
by Kealy and Pauson who discovered and prepared biseyclo- 
pentadieny! iron (58, 59). Woodward et al. (60) have named 
this compound ferrocene. The appelation “sandwich complex” 
has been given to this type of metal interaction with resonating 
organic systems. Sandwich complexes are extremely stable and 
resist removal of the metal. 

As early as 1921, Hein (61) reported unusual chromium salts of 
benzene, Whose structure was finally described in 1956 by Fischer 
and Seus (62) in connection with their work on dibenzene 
chromium. A “mixed sandwich complex” between manganese, 
a substituted pentadiene, and benzene, has also been identified 
(63). In general these compounds require a resonating system 
with three w electrons from each of two aromatic molecules 
interacting with the 3rd orbital of the metal. Exceptionally 
stable complexes have been described for iron, chromium, 
nickel, and manganese, the elements here singled out for spe- 
cial attention. The pyrimidine and purine rings might be 
postulated to form sandwich complexes of this type, though 
experiment has not extended this hypothetical structure to these 
compounds. It is conceivable that metals may bring the nucleic 
acids into apposition through such a compound. Thus a purine- 
metal-purine, purine-metal-pyrimidine, pyrimidine-metal-pyrim- 
idine “sandwich complex” could provide additional structural 
and configurational stabilization of nucleic acids, thought pres- 
ently to be stabilized by hydrogen bonding primarily. Metals 
have in fact been shown to serve as crosslinking intermediates 
in the maintenance of the macromolecular structure of proteins 
as demonstrated by the action of zine in maintaining amylase, 
aleohol dehydrogenase, and glutamic dehydrogenase in polymeric 
form (64-69). Chromium ts particularly effective in serving as a 
crosslinking agent for collagen (55) and also for conarachin (70). 

The presence of cadmium in the RNA of horse kidney is of 
particular interest since this metal is absent from the RNA of 
any other source.4. An unusual protein containing 4°; cadmium 
has been isolated from the cortex of the horse kidney (71, 72). 
The finding suggests that metals may be transferred from RNA 
to be incorporated into metalloproteins during their assembly 
and synthesis. 

Metals might well serve to link the nucleic acid to the protein 
moiety of ribose nucleoprotein and such a suggestion has already 
been made for DNA on the basis of inferential data with chelating 
agents (38, 39). 

Since the precise chemical function of nucleic acids is presently 
unknown these findings offer a new and unexpected parameter 
to explore this potential role. Nucleic acids, regardless of their 
source of origin, have a constant and relatively simple com- 
position of purine and pyrimidine bases. This fact has formed 
the basis of the code, postulated to transmit and store in- 
formation directing and orienting the biological specificity of 
other systems. The relative simplicity of composition of nucleic 
acids and the constancy of the ratios of their constituent nitrog- 
enous bases, regardless of their source of origin, must result in a 
configuration presenting fewer degrees of freedom than that 


* The isolation of RNA from horse kidney was suggested by Dr. 
E.G. Ball. 
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possessed by the amino acid arrangement in the protein for which 
the nucleic acids are presumed to carry the code (73). 

The existent evidence to support the hypothesis that the 
sequences of nucleotides contain the properties which transmit 
and govern cellular specificity is inferential. There are at present 
no unequivocal chemical data which would break and decipher 
such a code (74). The new, compositional data described here 
must enter the considerations regarding the function of nucleic 
acids, such as the maintenance of macromolecular structure or 
the provision of specific sites of interaction between the nucleic 
acid templates of protein synthesis and amino acids, peptides, or 
proteins. 


SUMMARY 


Preparations of ribonucleic acid from phylogenetically diverse 
sources contain significant concentrations of metals. Chromium, 
nickel, and manganese, elements of the first transition group, 
not heretofore associated with specific biological compounds, are 
encountered regularly in concentrations several orders of magni- 
tude higher than in the native material from which they are 
isolated. These and other metals are removed with difficulty 
by dialysis as a function of pH or by chelating agents. The iron 
of ribonucleic acid (RNA) of beef liver is shown to form a mired 
complex with 1,10-phenanthroline (OP), RNA-Fe-OP, attesting 
to the firmness of attachment of this metal to this RNA. The 
ratio of the sum of the micromoles of all metals to phosphate of 
RNA, =Me:phosphate, is 1:50, whereas in DNA it is 1:150. 
Cadmium has been found only in RNA isolated from equine 
kidney, the source of a cadmium protein. The reproducible 
finding of large concentrations of many metals in RNA suggests 
that they may play a role in the maintenance of the configura- 
tion of the RNA molecule, perhaps linking purine or pyrimidine 
bases, or both, through covalent bonds possibly involving nitro- 
gen atoms or w electrons of the bases. It is suggested that metals 
may bear a functional relationship to protein synthesis and the 
transmission of genetic information. 
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The bacterial cell wall is the rigid membrane which shapes 
and protects microorganisms. It is external to the cytoplasmic 
membrane, and internal to the capsule possessed by some micro- 
organisms. Several procedures have been developed for prepar- 
ing this structure in a relatively pure form (1), and qualitative 
analyses of its composition in various species have been carried 
out (2-5). The walls of gram-positive bacteria, which represent 
about 20% of the dry weight of the cells, have a relatively simple 
composition as compared to the more complex walls of gram- 
negative organisms (2, 3). Unusual features are the occurrence 
in bacterial cell walls of the unusual p-forms of several amino 
acids (6-8), of a,e-diaminopimelic acid (9) and of a previously 
unknown lactic acid ether of acetylglucosamine which has been 
named acetylmuramic acid (10). 

Some strains of Staphylococcus aureus, when inhibited by peni- 
cillin, accumulate three uridine nucleotides. The principal com- 
pound of this type contains an acetylamino sugar-peptide frag- 
ment linked to uridine diphosphate through carbon atom 1 of 
the sugar (11). Biological features of the accumulation process 
are compatible with the hypothesis that nucleotide accumulation 
is closely related to a point of attack of penicillin within the 
bacterial cell (11, 12). The nucleotides which accumulate ac- 
count for a considerable fraction of the total cellular phosphate 
(11) and in one strain amount to more than 10% of the dry 
weight of the microorganisms (13). These facts imply that the 
metabolic process in which these compounds participate may be 
a pathway of considerable activity in the organism. 

Like the cell wall, the principal uridine nucleotide which ac- 
cumulates also contains a previously unknown amino sugar 
(which will be shown to be acetylmuramic acid) and amino acids, 
some of which are in the unusual p-configuration. A careful 
study of the composition of the cell walls of two strains of S. 
aureus from which the uridine nucleotide had been isolated was, 
therefore, carried out and is reported here. The striking similarity 
of the composition of part of the wall and of the acetylmuramic 
acid-peptide fragment of the nucleotide suggested that the nu- 
cleotide may be a precursor of the bacterial cell wall. These 
findings have led to the hypothesis that the mechanism of action 
of penicillin is related to inhibition of a step in biosynthesis of 
the bacterial cell wall (14). 


* These experiments were undertaken independently in St. 
Louis (J.L.S. and R.E.T.) and Washington (J.T.P.). When du- 
plication in experimentation and interpretation became apparent, 
it was decided to combine experiences in a single publication. 

t Present address, Department of Microbiology, Vanderbilt 
University School of Medicine, Nashville, Tennessee. 


METHODS 


Preparation and Hydrolysis of Cell Walls of S. aureus—The 
organisms, S. aureus strain Copenhagen (13) and S. aureus strain 
H (11), were grown as previously described. Cell walls were 
prepared by the method of Salton and Horne (1)! and freeze- 
dried at low pressure over H,SO,. Weighed samples were hy- 
drolyzed in a sealed tube for 15 hours in 6 N HCl at 105° (S. 
aureus strain Copenhagen) or for 2 hours in 2 n HCl at 121° 
(S. aureus strain H). 

Separation of Ninhydrin-positive Compounds—The sample of 
S. aureus strain Copenhagen in 2 ml of 1.5 n HCl was placed on 
a column of Dowex 50-H cross-linked, 1.2 55cm). Elu- 
tion was carried out successively with 100 ml of 1.5 n HCl, 300 
ml of 2.5 n HCl, and 100 ml of 4 n HCl. The flow rate was 
about 2.3 ml per hour and fractions measuring about 1.8 ml 
were collected. Aliquots of 25 microliters were analyzed for 
ninhydrin-positive material (15) and for amino sugars as de- 
scribed below. The tubes corresponding to ninhydrin-positive 
peaks were pooled. For quantitative ninhydrin determinations 
and other analytical procedures, aliquots of these samples were 
dried under reduced pressure over NaOH-CaCl, to remove HCl. 

The four principal amino acids in the hydrolysates of S. aureus 
strain H walls were estimated after isolation by chromatography 
on Whatman No. | paper which had been washed with 5% acetic 
acid, deionized water, and 0.067 m Na3PO, (pH 12) in that order. 
Standard amino acid mixtures and unknown samples were chro- 
matographed in triplicate with phenol, saturated with the pH 12 
phosphate buffer, as the solvent (16). After running for 18 to 
24 hours, the papers were dried at 45-50°, sprayed with 0.05% 
ninhydrin in water-saturated n-butanol containing 5% acetic 
acid, and heated at 60° for 10 minutes to develop the color. 
The ninhydrin-positive spots were cut out and placed in test 
tubes. The quantity of amino acid was estimated by the method 
of Moore and Stein (15) with 2 ml of reagent to wet the paper. 
The results obtained by this procedure varied by +20% because 
of interference by ammonia. However, a sample analyzed by 
ion exchange chromatography (kindly performed by H. Rosen) 
gave results in good agreement with those obtained by paper 
chromatography. 

Determination of Amino Sugars—Amino sugars were deter- 
mined after acetylation with acetic anhydride as described by 


1 One of us (J.L.8.) is extremely grateful to Dr. M. R. J. Salton 
for assistance with the preparation of a batch of cell walls of S. 
aureus strain Copenhagen at the Molteno Institute, Cambridge 
University during a leave of absence from Washington University. 
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Roseman and Dafner (17). The determination of the acetylated 
] if amino sugar was modified from Reissig et al. (18). The following 
é © procedure gave maximum color yield. Ten microliters of satu- 
< 1 2.0 . rated NaHCO, and 10 microliters of 5°% acetic anhydride in 
2 AMINO a : ice-cold water (freshly prepared) were added to 40 microliters of 
S SUGARS . = sample or water (containing 0.01 to 0.1 umole of amino sugar). 
mixture was incubated at room temperature for 10 minutes 
z al ‘ and then placed in a boiling water bath for 3 minutes. After 
._ mi cooling to room temperature, 50 microliters either of 5°; K.B,O, 
2 = or of 0.1 m glycine, pH 9.0, were added, and the tubes were 
¥ -: placed in a boiling water bath for 7 minutes. Five hundred 
2 ° microliters of glacial acetic acid and 200 microliters of 16% p- 
S 1° > dimethylaminobenzaldehyde in 95% glacial acetic acid and 5% 
4 } 4 concentrated HC] were then added, and the tubes were incubated 
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TUBE NUMBER 
Fic. 1. Ion exchange chromatograms of cell wall hydrolysate 
of Staphylococcus aureus strain Copenhagen on Dowex 50-H. Elu- 
tion was carried out as described in the text. Where breaks are 
indicated in the tube numbers, no elevation of color above back- 
ground was found. 


TaBLe I 
Quantitative estimation of amino acids and amino sugars in cell 
wall and in uridine nucleotide from Staphylococcus aureus 
The hydrolysis was carried out with 11.8 mg of cell walls from 
S. aureus strain Copenhagen and 123 mg from S. aureus strain 
H. Data are expressed as mg or ymoles of substance per 100 mg of 
cell wall. 


| Uridine 
| S. aureus strain H | 
| ratio” 
mg pmoles | ratio® pmoles | ratio® 
Glutamic acid 7.1/47.5/(1) | 5.7) 38 | 1 
Lysine 6.6 | 45 | 0.95 | 6.6 | 45 1.18 1 
Alanine 13.5 152 3.2 12.5 140 3.7 | 3 
Muramic acid® (13.9) (10.5) (0.23) (11.1) (17.5) (0.46), 1 
Glucosamines (21.0) (55) (1.2) | (16.8) (44) |(1.15) 
Sum of NH; and | | | 
two amino sug- | | | | 
13.7 | 3.8 | 13.7 1182 | 4.8 | 
75.8 66.4 | 


* Moles per mole of glutamic acid. 

®’ Moles per mole of uracil. 

© Some destruction of both amino sugars occurs during hydroly- 
sis of cell walls, and the values obtained are usually low. Am- 
monia is believed to come from this destruction and it may be ob- 
served that the total of ammonia and the two amino sugars is 
equivalent to 3 moles per mole of glutamic acid, one of which must 
be muramic acid and two glucosamine. The weights of the amino 
sugars are based on the corrected ratios and assume that these 
compounds were N-acetylated. More recently, Mrs. M. Man- 
delstam (Washington University) has obtained recoveries of 37.7 
pmoles of muramic acid and 85.1 wmoles of glucosamine per 100 
mg of walls of S. aureus strain Copenhagen. These data calcu- 
lated respectively to 0.92 mole and 2.04 moles per mole of glutamic 
acid. 

4 Not determined. 

¢ These totals do not take account of the fact that water was 
added during hydrolysis. Subtracting 1 wmole of water per umole 
of substance yields values of 65.5 and 56.8 mg. 


at 38° for 20 minutes. The absorbance was measured at 585 mg. 

From the absorbance obtained in glycine buffer, the absorbance 
obtained in borate buffer, the extinction coefficients indicated 
in Table V and the final volume in the color test (0.8 ml), the 
amount of glucosamine and of muramic acid in the aliquot which 
was analyzed could be determined by use of the following simul- 
taneous equations: 


Absorbance obtained in borate buffer = 0.8 (umoles of 
glucosamine X 12.2 + wmoles of muramic acid X 12.6) 
Absorbance obtained in glycine buffer = O08 (umoles 


of glucosamine X 4.7 + wmoles of muramic acid X 17.6) 


The modification of the Elson-Morgan reaction described by 
Boas (19) was also used. Maximum color was developed at 38° 
for 45 minutes rather than for several hours at room temperature. 

Paper Chromatography—Whatman No. 1 paper was employed. 
Pyridine (80°) was run in the ascending direction. All other 
solvents were run descending. Ninhydrin (0.4°%) in water- 
saturated n-butanol was used to detect amino acids, and aniline 
hydrogen phthalate (20) to detect sugars. 


RESULTS 


Amino Acids in Cell Walls of S. aureus—Only four amino acids 
were found in the cell walls, viz. alanine, glutamic acid, lysine, 
and glycine (Fig. 1). These compounds were identified by their 
position on the ion exchange chromatogram or paper chromato- 
gram. Identification was confirmed by paper chromatography 
in n-butanol-acetic acid-water (4:1:5) and 80°; pyridine, and 
by two-dimensional paper chromatography in water-saturated 
phenol followed by n-butanol-acetic acid-water. The amounts 
present are indicated in Table I. No other amino acid was ob 
served in an amount greater than 5°, of the amount of glutamic 
acid. 

Optical Configuration of Amino Acids in Cell Walls—This was 
estimated by means of enzymes specific for p- or for L-amino 
acids (Table Il). Average values were: alanine, 67°) v-, 33% 
L-; glutamic acid, 90° p-; and lysine, 96% L-. 

Amino Sugars in Cell Walls—Two amino sugars were present 
in the cell walls of these strains. They were eluted separately 
in the ion exchange chromatogram of the hydrolysates of 8. 
aureus strain H walls with 0.8 ~ HCl as the eluent (Fig. 2). 
With the hydrolysate of S. aureus strain Copenhagen walls, 
with 1.5 n HCl as the initial eluent, these two compounds were 
eluted together as a slightly asymmetric peak. Determination 
of the two sugars by the differential method described above 
indicated that the peak was composed of two amino sugars 
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Taste Il 


Optical configurations of amino acids isolated from cell wall and 
from uridine nucleotide from S. aureus strain Copenhagen 


- 


Compound | Cell walls Uridine nucleotide 
Glutamic acid 12.5% L-* 100°, 
7.6% 
Lysine 96°), L-* 100°) L- 
Alanine | 67°, p-4 67°) v-4 
| 33° L-4 33% 


* Determined manometrically with L-glutamic acid decarboxy]- 
ase from Clostridium welchii (generously supplied by Dr. Leon 
Levintow) (21). 

>’ Determined spectrophotometrically with L-glutamiec acid de- 
hydrogenase (cf. 22) (Sigma Chemical Company). 

¢ Determined manometrically with L-lysine decarboxylase 
from Bacterium cadaveris (Sigma Chemical Company) (cf. 21). 

4 These data are taken from Strominger and Threnn (23). b- 
Alanine was determined with a purified p-amino acid oxidase and 
L-alanine was determined with a purified L-alanine transaminase. 
Data originally reported, indicating about 50°% p-alanine in the 
uridine nucleotide (11) and in the cell wall (14), were in error ap- 
parently because a crude p-amino acid oxidase preparation was 
employed which under the conditions used did not oxidize p-ala- 
nine quantitatively. 


0.500 


ABSORBANCE, 505 my, in 
ELSON-MORGAN REACT 


ML of O.8N HCI 


Fic. 2. Separation of amino sugars from cell wall of Staphylo- 
coccus aureus strain H by chromatography on Dowex 50-H (200 
to 400 mesh, 4.5 X 50 em). The amount of glucosamine appears 
to be smaller than the amount of muramic acid only because it 
has a smaller extinction coefficient in the Elson-Morgan reaction 
at 505 my. 


(Fig. 1). This was readily confirmed by paper chromatography 
(cf. Table II1), and the two amino sugars were separated pre- 
paratively by paper chromatography in butanol-acetic acid- 
water. The amounts present are shown in Table I. The com- 
pound present in larger amount was identified as glucosamine by 
paper chromatography, paper electrophoresis, and degradation 
to arabinose with ninhydrin (24) (Tables III and IV). No 
lyxose was detected, and hence no galactosamine was present 
in the sample. 

Identification of Muramic Acid in Cell Wall and in Uridine 
Nucleotide from S. aureus—The second amino sugar in the cell 
wall and the amino sugar in a uridine nucleotide from penicillin- 
inhibited S. aureus were identical to each other by the following 
criteria. In addition, by many of these criteria, they were 
identical to a sample of muramic acid isolated from “spore pep- 
tide” (10) (kindly supplied by Dr. R. E. Strange). (a) They 
had identical mobilities on paper chromatography in four sol- 
vents (Table III) and on paper electrophoresis at 3 pH’s (Table 
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Taste 
Paper chromatographic mobility of amino sugars 
butanol | Pyridine- | Phenol- | 
HO water water water-for-| ethanol- 
(4: 1:5) (4:1) (3:1) mic ac 
| 
om 
Amino sugar | from 
0.10 0.81 0.35 0.21 19.9 
Glucosamine........ 0.11 0.78 | 0.36 | 0.22 | 19.5 
| 19.9 
Ee | | 22.5 
Amino sugar 2 from | | 
cell wall 0.34 | OSI 0.49 0.78 | 15.3 
Amino sugar from | | | 
uridine nucleotide.| 0.36 0.80 0.49 0.79 15.5 
Authentic muramic | | 
| 0.36 0.80 0.49 0.78 15.3 
* Upper phase. 


* Chromatography in this solvent was carried out following deg- 
radation of the amino sugars with ninhydrin (24), and the solvent 
was allowed to drip off the end of the paper for 40 hours. Drs. 
Jeanloz and Stoffyn indicated to us that exposure to ammonia 
before chromatography eliminated the “‘intermediate’’ previously 
mentioned by them, and the wet spots on paper were consequently 
exposed to ammonia vapor before chromatography. 


lV 
Electrophoretic migration of amino sugars 


Electrophoresis was carried out on Whatman No. | paper at a 
potential gradient of 13 volts per cm for 2.5 hours. Values indi- 
cated are centimeters of movement toward the negative electrode. 


p22 | pH 2.8 pH 4.5 

Amino sugar | from cell | | 

| 9.1 8.8 | 8.4 
Glucosamine... | 9.1 8.8 | 8.4 
Amino sugar 2 from cell | | | 

Amino sugar from uridine | | | 

nucleotide... 5.1 1.6 | 0.1 
IV). It is evident from the electrophoretic data that the amino 


sugar contains an acid group with pK about 2.4. (6) The com- 
pounds obtained by degradation with ninhydrin (24) had iden- 
tical paper chromatographic mobilities (Table III). (c) In the 
modified Elson-Morgan reaction (19), they had identical spectra 
and extinction coefficients (Fig. 3). The absorption maximum 
(505 mu) of muramic acid is 15 my lower than that of glucos- 
amine, and the extinction coefficient, about 8000, is more than 3 
times that of glucosamine. Amunoglucuronic acid (25) is quite 
similar to glucosamine. (d) As previously noted, acetylglucos- 
amine and acetylmuramic acid in the nucleotide have identical 
spectra and extinction coefficients in a modified Morgan-Elson re- 
action carried out in borate buffer (12, 18). In carbonate buffer 
the extinction value for acetylglucosamine is only one-half that of 
acetylmuramic acid from the nucleotide (12), whereas in glycine 
buffer the value is only 25% (Table V). Although it was not 
possible to determine accurately the extinction coefficients for 
the acetylmuramic acid from the cell wall, the ratio of absorbance 
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Fic. 3. Absorption spectra of various amino sugars in Elson- 
Morgan reaction. The aminoglucuronic acid (25) was kindly 
given by Dr. Heyns. 


when the reaction was carried out with glycine buffer to the 
absorbance obtained in borate buffer was the same for acetyl- 
muramic acid from the wall as for the acetylamino sugar from 
the nucleotide. It is, therefore, inferred that they have the 
same extinction coefficients (Table V). 

Comparison of Composition of Cell Wall and of N-Acetylamino 
Sugar-Peptide Fragment from Uridine Nucleotide—From these 
data it appears that a portion of the cell wall structure may be 
identical with the acetylmuramic acid-peptide fragment of the 
nucleotide. In particular (a) the ratio of amino acids in the wall 
is close to that found in the nucleotide (Table I). (6) Like the 
nucleotide, two of the three alanine residues in the wall have 
the unusual p- configuration as does the glutamic acid residue 
(Table II). (c) There is 1 mole of acetylmuramic acid per mole 
of glutamic acid in the wall as in the nucleotide (Table I) and, 
as described above, the two amino sugars appear to be the same 
substance. 

There are 2 moles of glucosamine and at least 4 moles of gly- 
cine per mole of the acetylmuramic acid-peptide fragment in the 
wall. If it is assumed that the two amino sugars are N-acety- 
lated, the constituents isolated here account for 57 to 66% of 
the weight of the wall (Table I). 


DISCUSSION 


Studies of the composition of the cell walls of two strains of 
S. aureus have, therefore, yielded data which suggest that the 
cell wall contains, as a part of its structure, the same N-acetyl- 
muramic acid-peptide fragment as is found in a uridine nucleo- 
tide which accumulates in penicillin-inhibited S. aureus. Uridine 
nucleotides have a prominent role in nature as carriers of sugar 
or substituted sugar fragments for synthetic reactions. Such 
transglycosylation reactions, in which the “activated” sugar 
fragment is transferred from the uridine nucleotide to some ac- 
ceptor, have been well defined in the synthesis of many com- 
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TABLE V 


Molar extinction coefficients of acetylated amino sugars 
tn modified color reaction 


The amino sugars were acetylated with acetic anhydride, and 
the color tests carried out in borate or in glycine buffer as de- 
scribed in ‘‘Methods.’’ Values are given as the molar extinction 
coefficient at 585 my, the wave length of maximum absorption. 


Borate buffer Glycine buffer 
| 12, 200 4,700 
Muramic acid from nucleotide® or | 


* The amount of glucosamine hydrochloride in the test was de- 
termined from the weight of a recrystallized sample. 

* Muramic acid was liberated from the uridine nucleotide (the 
amount of which was determined from its 262 my absorption with 
¢ = 9890) by hydrolysis in 6 N HCI] for 12 hours. The amount of 
muramic acid remaining after this period of hydrolysis was 44% 
of that originally present. This figure was obtained by estimat- 
ing the absorbance obtained in the color test in borate buffer at 
2-hour intervals of hydrolysis. The curve obtained was extrapo- 
lated to zero time to obtain the initial absorbance. 

¢‘ It was not possible to determine the extinction coefficient of 
muramic acid from the cell wall directly since the sample obtained 
was not large enough for a weight estimation and since a method 
for determining accurately its concentration in solution was not 
available. It may be inferred that the extinction coefficients for 
muramic acid in the wall are identical to those for the nucleotide 
from the following. When the mixed sample of amino sugars from 
the wall was subjected to the differential color test described in 
“Methods,’’ assuming for this estimation that muramic acid in 
the wall had the same extinction coefficients as that in the nucleo- 
tide, a ratio of muramic acid to glucosamine of 0.272 was obtained. 
The directly determined ratio following separation in butanol- 
acetic acid-water was 0.264. This correspondence would not 
have been obtained if the assumed extinction coefficients were in- 
correct. Also, the ratio of absorbance in glycine buffer to that 
in borate buffer for muramic acid from the wall was 1.46 compared 
to 1.40 for muramic acid from the nucleotide. 


pounds, including sucrose (26), sucrose phosphate (27), trehalose 
phosphate (28), lactose phosphate (29), cerebroside (30), and 
glucuronides (31). Such reactions also occur in the synthesis of 
larger molecules as cellulose (32), 8-1 ,3-glucan (33), hyaluronic 
acid (34, 35), chitin (36), and glycogen (37). In all defined 
cases in which sugar fragments are linked to uridine diphosphate, 
this sugar is ultimately utilized in a synthetic reaction. It 
seems likely, therefore, that the N-acetylmuramic acid-peptide 
fragment of the principal uridine nucleotide from penicillin- 
inhibited S. aureus is a fragment similarly activated for a syn- 
thetic reaction, in this case one of the reactions in the pathway 
of biosynthesis of the bacterial cell wall. 

This finding then leads to the hypothesis that penicillin inter- 
feres with bacterial growth and multiplication by interfering at 
some point in the reaction mechanism leading to cell wall syn- 
thesis. In striking support of this formulation is the observa- 
tion, made simultaneously with our work, that in a suitably 
protective medium bacterial spheroplasts (organisms with defec- 
tive cell walls (cf. 38)) may be formed as a consequence of peni- 
cillin action (39-41), and that these spheroplasts can synthesize 
new cell walls and revert to normal bacteria when penicillin is 
removed (39). Furthermore, spheroplasts made in this way 
from at least one microorganism can be made to grow and divide, 
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although at a rate a little slower than that of the parent (42). 
Any effect of penicillin on the spheroplast is, therefore, relatively 
minor, and death of the cell is ordinarily due to spontaneous 
osmotic lysis after removal of its protective barrier. Other 
effects of penicillin on bacteria are compatible with this hy- 
pothesis, and these ideas have been expanded elsewhere (14). 

It seems attractive to speculate that penicillin is a specific 
inhibitor of a transglycosylation reaction in which the N-acetyl- 
muramic acid-peptide fragment is transferred from uridine di- 
phosphate to an acceptor (cell wall precursor). The site of 
penicillin binding is the cell membrane (43, 44), and this would 
indeed be a strategic location for the transglycosylase which 
could act as a carrier for the N-acetylmuramic acid-peptide 
fragment formed inside the cell for a synthetic reaction outside 
of the cell membrane. However, the exact point of interference 
by penicillin in the reaction sequence leading to cell wall syn- 
thesis cannot be deduced from information now available. Uri- 
dine nucleotide accumulation might also occur if penicillin inter- 
fered at some other point; e.g. if it interfered with a reaction 
leading to synthesis of the acceptor, or if it interfered with the 
passage of the nucleotide from the site of its synthesis inside the 
cell or in the cell membrane to the site of formation of the cell 
wall, external to the cell membrane. 

These data suggest an arrangement for part of the cell wall, 
the sequence found in the N-acetylmuramic acid-peptide frag- 
ment (22, 23,45). Although a considerable amount of informa- 
tion has accumulated relative to the composition of walls, rela- 
tively little is known about the arrangement of the parts, whether 
they are found in a single covalently bonded molecule, or whether 
there are several molecules intertwined as the strands of protein 
or nucleic acid. The walls of S. aureus contain as simple a 
“basal structure” as is found among various organisms studied. 
In addition to the components reported here only polyalcohol 
and phosphate have been found (46-48), but the total amount 
of these substances relative to the other components is not yet 
known. These walls may, therefore, lend themselves to further 
structural determination through study of the products of en- 
zymatic and chemical hydrolysis. Such information may be a 
necessary part of further elucidation of the detailed mechanism 
of action of penicillin. 

Previously, it has been shown that penicillin interferes with 
the synthesis of ribonucleic acid in a way which is quantitatively 
related to uridine nucleotide accumulation (12). These data 
may be interpreted in the light of the present findings. As 
shown by Manago et al. (49), uridine diphosphate is a direct 
precursor of ribopolynucleotide in many microorganisms, in- 
cluding S. aureus (50). Uridine diphosphate would be a product 
of the transglycosylation reaction discussed above, and in the 
normal cell would act catalytically as a carrier of the N-acetyl- 
muramic acid-peptide fragment, just as it acts catalytically as a 
earrier of glucuronic acid for glucuronide synthesis (51). How- 
ever, in the presence of the block induced by penicillin, uridine 
diphosphate becomes irreversibly trapped in the form of uridine 
diphosphoacetylmuramic acid-peptide and related compounds. 
The effect on ribonucleic acid synthesis may, therefore, be a 
consequence of this trap. These data may be taken in support 
of the argument that a considerable portion of the ribonucleic 
acid in the cell acts as a storehouse of mononucleotides which 
ean be made available to the cell for formation of more complex 
nucleotides used in various types of synthetic reactions. 

The low toxicity of penicillin for animals would appear to be 
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explained by the fact that animal cells do not have a structure 
morphologically equivalent to the bacterial cell wall or chem- 
ically equivalent to the acetylmuramic acid-peptide fragment. 


SUMMARY 


Cell walls of two strains of Staphylococcus aureus have been 
analyzed quantitatively for amino sugar and amino acid content. 
The following substances were present in the relative molar 
amounts indicated: glutamic acid, 1; lysine, 1; alanine, 3; glycine, 
4; glucosamine, 2; muramic acid, 1. The ratio of glutamic acid, 
lysine, alanine, and muramic acid was the same as found in 
uridine diphosphoacetylmuramic acid-peptide which accumulates 
in penicillin-inhibited S. aureus. Further, the optical configura- 
tions of the amino acids in the wall were the same as those in 
the nucleotide, and the previously unidentified amino sugars, 
found only in these two places, were the same substance. By 
the methods used these sugars were identical to an authentic 
sample of muramic acid. 

These findings suggest that the uridine diphosphoacetyl- 
muramic acid-peptide is a precursor of the bacterial cell wall 
and that the mechanism of action and selective toxicity of peni- 
cillin are related to inhibition of biosynthesis of the bacterial 


cell wall. 
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The events that follow the exponential phase of bacterial 
growth (Streptococcus faecalis 9790) in a well buffered medium 
are determined by the nature of the growth-limiting nutrient 
(1-4). Termination of the exponential phase by the depletion 
of a “growth essential” amino acid may be followed by either 
lysis or a phase of decreasing growth rate. The nature of this 
postexponential response seems to depend on the functions of the 
depleted amino acid. When the latter is an essential cell wall 
component (e.g. lysine or p-alanine) lysis tends to follow deple- 
tion, whereas in other cases there is substantial further growth 
which is characterized by the formation of additional cell wall 
substance. Thus, depletion of valine is followed by a 40 to 50% 
increase in the dry weight of the culture during the next 15 hours. 
In the case of threonine depletion, the postexponential gain in dry 
weight can exceed 100%, and requires more than 40 hours for 
completion. Each of the other “cytoplasm-essential,” but not 
“wall-essential,” amino acids gives rise to its own distinctive post- 
depletion pattern, generally intermediate between those of valine 
and threonine, but in a few cases intermediate between the pat- 
tern of valine and that of lysine (which is characterized by lysis). 

As one approach to the understanding of these individual dif- 
ferences, it was desirable to obtain a picture of cellular composi- 
tion more complete than that furnished by the analytical studies 
which had revealed the prominent role of wall synthesis in the 
postexponential process (2, 4). The present report deals with 
some aspects of the composition of cells in the exponential growth 
phase (“log cells”) and of cells representing the stage of nearly 
maximum postexponential growth after the depletion from the 
medium of threonine (“threonine cells’). The latter were chosen 
because the postdepletion change is greatest in the case of thre- 
onine depletion (4). 


METHODS 


Preparation of Whole Cell Substances and Subfractions—Cells 
were grown, harvested, and lyophilized as described before (2, 4). 
Two crops of cells (Preparations 2 and 3 in (2)) and two crops 
of threonine cells (4) were used. After the depletion of threonine 
the dry weight increased by 80 to 90° in these cultures. 

The lyophilized cells were disrupted by high speed shaking 
with glass beads in a refrigerated centrifuge (5). Beads of re- 
fractive index 1.68 (Prismo Corporation, Huntingdon, Pennsyl- 
vania) were used, since ordinary glass beads may produce alkaline 
suspensions with pH values as high as 10 (6). Mixtures of 400 


* This work was aided by research grants from the National 
Institute of Allergy and Infectious Diseases, United States Pub- 
lie Health Service (E-1935), the American Cancer Society (P-136), 
and the Office of Naval Research (Contract Nonr-244). Some of 
the data have been presented at the Fourth International Congress 
of Biochemistry. 


to 500 mg of lyophilized cells, 25 ml of H,O, and 25 g of beads 
were shaken for 20 to 25 minutes in a chromium-plated stainless 
steel capsule (“‘large”’ (5)), with the centrifuge temperature main- 
tained at —16 to —19°. All subsequent operations were per- 
formed at 0-5°. The suspension of fractured cells was separated 
from the beads by filtration through coarse sintered glass. The 
filtrate, with thorough washings of capsule and beads, was 
brought to 100 ml, and centrifuged for 30 to 40 minutes at 
20,000 x g. The faintly opalescent supernatant was lyophilized 
and dried to constant weight over POs. This product represents 
the “soluble fraction.” 

The precipitate was washed twice with 30 to 40 ml portions of 
H.O, twice with 0.1 m phosphate buffer of pH 7.4 for more effec- 
tive removal of substances absorbing at 260 my (7), and again 
twice with H,O, with centrifugation at 20,000 x g for 30 minutes 
after each washing. The phosphate washings showed a more 
pronounced 260 my peak in the threonine cell preparations than 
in the log cell preparations. In terms of 260 my extinction the 
material removed by the combined water and phosphate wash- 
ings was estimated at about 7 and 2% of the respective soluble 
fractions. The washings were discarded. 

The residue, resuspended in water, was centrifuged briefly at 
300 X< g to sediment contaminating matter (glass, dust, etc.). 
The white suspension of wall substance was decanted and 
again centrifuged briefly at 300 xX g, with subsequent de- 
cantation of the “wall suspension.”” The sediments were washed 
once with a small volume of water and, after centrifugation at 
2,500 X g, the washings were added to the wall suspension. Lyo- 
philization of the suspension, followed by drying over POs, 
yielded the purified “wall fraction.” 

Chromatographic Amino Acid Determinations—These deter- 
minations were done on 16 hydrolysates: eight for each cell type 
(log and threonine cells). Two crops of each cell type were 
analyzed. One crop was represented by two hydrolysates of the 
whole cells and of the soluble fraction, and one hydrolysate of the 
wall fraction. The other crop was represented by one hydrol- 
ysate each of whole cell substance, soluble fraction, and wall frac- 
tion. The preparations were hydrolyzed (10 mg of substance, 
1 ml of 6 nN HCl, evacuated sealed tube, 120°, 24 hours) and the 
amino acid composition of the hydrolysates was determined by 
the semiautomatic method of Moore et al. (8). 

Bacterimetric Amino Acid Determinations—Procedures and 
some results of our L-amino acid determinations have been given — 
before (9, 2,4). Samples were hydrolyzed as indicated above for 
the chromatographic analyses, as contrasted to the HCIL-HCOOH 
method used in previous studies (2,4). New procedures used in 
the present study are summarized in Table I. 

Sources of Error—Whole cells and soluble fractions are rich in 
nucleic acid, and some of the ammonia and glycine found in their 
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TaBLeE 
Bacterimetric methods 
Determination of Standard levels Medium? Organism, ATCC No. Incubation a 
ug/ml finished medium hrs. ae 
> A L. delbrueckii 9649 17, 24, 42 
0.3, 0.6, 1.2, 2.0 A L. delbrueckii 9649 24, 42, 48 
3, 6, 9 B S. faecalis 9790 17 and 24 
L-Glutamic acid.......... a. 8 C S. faecalis 9790 17 
L-Aspartic acid........... D L. mesenteroides (P-60)8042 65 
1.2, 2.4, 3.6 E L. mesenteroides (P-60)8042 20 and 40 


* Medium A. In the alanine determinations, based on the method of Snell e¢ al. (11), the pH was adjusted to 6.5 to 6.7 with KOH 
(Na ion was found inhibitory). The amino acid mixture of Henderson and Snell (12) was substituted for the acid hydrolyzed and partly 
hydrolyzed caseins and supplemental amino acids, but the high level of histidine (11) was retained. Only L-amino acids were used (one- 
half of the amounts of pi-forms specified). The amounts of glycine and L-(or p-)alanine were reduced to 25 ug per ml of growth me- 
dium because these amino acids have inhibitory effects on the response of the organism to the other form of alanine, which resemble 
those reported for Lactobacillus mannitopoeus (13). The medium permits the assay of L- or p-alanine in the presence of 8-fold quanti- 
ties of glycine and of the alanine enantiomorph. Care was taken that the readings obtained on hydrolysates at different observation 
periods and different assay levels followed the pattern of the standards (9), in order to rule out interference between the two alanines 
and possible responses to vitamin B, phosphates (which should be destroyed by acid hydrolysis) or to extremely high levels (100 to 300 
pg per ml) of pyridoxamine or pyridoxal (14, 15). 

Media B to E are adaptations of our S. faecalis medium (9) in which asparagine was omitted and L-glutamine was sterilized separately 
by filtration (UF Pyrex). To prevent lysis of the cells in the lysine assay, Medium B was adjusted to pH 5.7, and the sodium phos- 
phate concentration was reduced to 0.02 m (16, 17). Medium D is modified by the inclusion, per ml, of 18 wg of p-aspartic acid and 1 
mg of L-cysteic acid (to minimize the response to additional D-aspartic acid (18)). The lysine and glutamic acid assay media (B, C) show 
no significant response to the respective D-amino acids, whereas in the aspartic acid assay medium (D) the p-form is 10 to 15% as ef- 
fective as the L-form. 

The Lactobacillus delbrueckii inoculum cultures were grown in 6 ml of Difco Micro Inoculum Broth at AOD (adjusted optical density 
(9)) 120, were washed twice with, and resuspended in, 6 ml of sterile water. 

The Streptococcus faecalis cultures were grown in the assay medium at the highest indicated standard level, and the Leuconostoc 
mesenteroides cultures were grown in our Lactobacillus caset medium (19) supplemented with folic acid. The cells were resuspended in 
saline after centrifugation. 

For the assays, tubes containing 6 ml of medium were inoculated with one drop of a suspension of AOD 120 and were incubated at 


38° (9). 


hydrolysates will, therefore, be artifacts (10) derived from nucleic Log cells. Threonine cells 
acid rather than protein. Also, during acid hydrolysis trypto- L D L D 


phan is completely destroyed, methionine is subject to oxidation, Glutamic acid 1.0 1.0 

and tyrosine, serine, and threonine may suffer significant losses Aspartic acid 0.9 1.0 

(10, 20). The analytical results of Tables II and III are given Lysine 1.1 1.0 

without corrections. Alanine 1.1 1.0 1.0 0.8 
Ammonia 4.0 3.6 


The lability of threonine during hydrolysis must be considered 
in the determination of the point of threonine depletion and the 
extent of postdepletion growth. It was assumed, as an approxi- 
mation, that under identical conditions of hydrolysis the relative 
loss of threonine is the same for the different products analyzed. 
Typical threonine values obtained by bacterial analysis with two 
different methods of hydrolysis (24-hour HC] (8) and 8-hour HCI- 
HCOOH (9)) are 2.6 and 2.8% of the dried whole cells for log 
cells and 1.3 and 1.6% for threonine cells. None of the conclu- 
sions of the present study are critically dependent on the precise 
absolute values of threonine. 


However, as shown by Fig. 1, the absolute amounts of the 
major amino acids in the wall fraction average 18% higher for 
the threonine cells than for the log cells, in substantial agreement 
with the previous finding that the nitrogen content is 10 to 15% 
higher in the “threonine wall” (4). Both observations suggest 
that the two types of wall differ in over-all composition. This 
inference is further supported by the fact (Line 22 in Tables II 
and III) that amino acids and ammonia together account for only 
79% of the total nitrogen in the “threonine wall,” compared with 
93% in the “log wall;” possibly reflecting differences in the stabil- 
ity of the different amino sugars (21). 

The small and variable quantities of other amino acids (Lines 
7 to 19 of Tables II and ITI) in the hydrolysates of the wall frac- 
tions suggest that they are due to contaminating nonwall ma 


RESULTS 


The results of both the chromatographic and bacterimetric 
analyses are compiled in Tables II and III. 


Wall Fraction—The data reveal that the wall fractions of the 
two cell types have similar amino acid patterns, just as have the 
two soluble fractions. The wall fraction contains only five amino 
acids in major amounts, and their molar distribution (and that 
of ammonia) appears about as follows: 


terial, although the possibility of enzymatic proteins being pres 
ent in the cell walls is not ruled out. 

Soluble Fraction—Fig. 2 compares the amino acid values of the 
soluble fractions of the two cell types. While, in the wall 
fraction, threonine cells showed the higher amino acid levels, the 
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December 1959 G. Toennies, B. Bakay, and G. D. Shockman 
TaBLe II 
Analyses of exponential phase cells 
Whole cells Soluble fraction Wall fraction 
Component 
Chromatog- Bacterial”? | By differ- | Chromatog-| Bacterial’ By differ Chromatog Bacterial? By differ- 
raphy assay L- ence® p- raphy assay L- ence® p- raphy assay L- ence® p- 
% = % % % % % % % 

1. Glutamic acid 8.3 + 0.36.6 1.7 + 0.3 8.4 + 0.26.0 + 0.62.44 06 54+ 0.1<0.5 >4.9 + 0.1 
2. Aspartic acid 6.3 + 0.64.9 1.5 + 0.6 6.5 14+ 0.1) 4.4 *| 0.4 0.1 
3. Lysine 5.9 + 0.25.9 + 0.2* 5.6 + 0.15.8 ° 5.04 5.4+ 0.2) * 

4, Alanine 4.7 + 0.3/4.1 0.6 + 0.3 4.1 + 0.13.9 + 0.2" 6.2 | 3.2 3.0+40.1 
5. p-Alanine | 1.1 + 0.1 0.6 + 0.1 3.0 + 0.2 
6. Ammonia ges? 2.3 + 0.2 2.3 + 0.2 

7. Leucine 3.9 + 0.24.1 4.7 + 0.2 0.44 

8. Glycine 3.8 *| 4.5 + 0.1 0.3 + 0.1 

9. Valine 3.7 + 0.23.9 . 4.6 + 0.3/4.4 e 0.1 + 0.1 

10. Isoleucine 0.23.5 3.9 + 0.1/4.0 0.24 

ll. Arginine 2.8 + 0.22.7 ° 3.1 + 0.2 e 

12. Threonine 2.7 + 0.42.8 ° 2.9 + 0.2/2.9 ° 0.4 + 0.1 

13. Phenylalanine 2.3 ’ 2.6 + 0.2 0.74 

14. Proline 2.1 *1.6 0.5 (?) 2.6 + 0.3 ° 

15. Tyrosine 1.8 + 0.1 2.0 + 0.1 0.24 

16. Serine 1.6 + 0.2 1.8+ 0.1 0.2 e 

17. Methionine 1.6 + 0.2 1.4+ 0.1 0.2 + 0.2 

18. Histidine 1.1 + 0.11.2 ° 1.3 + 0.1 ° 

19. Cystine 0.3 + 0.1 0.2 . 0.3 + 0.2 
20. Peptide substance* 51 +2 4H +1 2a 6+ 3 
21. Peptide corrected’ 50 
22. N recovered? 733 +1 | 68 +1 93 + 6 
23. N content 13.2 | 14.5 5.7 


« Data show amounts of substance listed (+ average deviation), as percentage of dry weight (except for Line 22). * indicates 


that zero values were obtained. 
> Average deviation is +0.1% unless shown otherwise. 
¢ In the case of alanine also by direct bacterial assay (Line 5). 
4 Only one determination. 


¢Sum of the values of Lines 1 to te reduced by 14% (approximate correction for HO loss in peptide bond formation). 


‘ Corrected for estimates of NH; 
tion (see section on soluble fraction ynder ‘‘Results’’). 
¢ As percentage of N in sample chromatographed. 


reverse is true for the soluble fraction: the average level of the 
“nonwall amino acids’ in the soluble fraction of threonine cells 
is only 58% of that in the log cells. The “wall amino acids” in 
this fraction show a significantly higher ratio (at least 0.71), sug- 
gestive of an accumulation of nucleopeptide wall precursors (21) 
in the cytoplasm of the threonine cells. 

Table IV shows a tentative estimate of the composition of the 
soluble cell fractions in terms of protein, nucleic acid,? and non- 
nitrogenous material. To partition the nitrogen of the fractions 
between protein and nucleic acid components, it was arbitrarily 
assumed that one-half of the glycine came from purine degrada- 


' ‘Wall amino acids’’ are defined as glutamic and aspartic acid, 
lysine, and alanine; all others, which are not major wall compo- 
nents, are considered as ‘“‘nonwall amino acids.’’ The wall amino 
acids are also components of the nonwall (cytoplasmic) substance. 
However, when the stereoisomers are considered, it would appear 
that p-glutamic acid, p-aspartic acid, and p-alanine may be ‘‘wall- 
specific” amino acids, and only L-lysine and L-alanine may be 
common to both wall and nonwall substances. 

? RNA, DNA, nucleotides, ete. 


excess over 5% of protein N) and glycine (4 of amount found) produced by nucleic acid degrada- 


tion, that not more than 5% of the net protein N was ammonia 
N, and that the nitrogen content of nucleic acids and their pre- 
cursors is 16%. The use of the uncorrected glycine and am- 
monia data (which correspond to 8 and 20% of the protein nitro- 
gen and are well beyond the normal range (20, 22)) would lower 
the nucleic acid figures by less than 10%. 

An independent check on nucleic acid material is provided by 
the ultraviolet spectra of the soluble fractions, summarized in 
Fig. 3. Use of the value Ajgo’ = 200 (23), or €(P) 200 = 8160 (24), 
for the extinction of bacterial nucleic acid gives estimates of 31 
and 42 mg, respectively, for the nucleic acid content of 100 mg 
of log cells and 190 mg of threonine cells, as compared with 33 
and 47 mg calculated from the nitrogen estimates (Table V). 
In accordance with the estimates, the difference spectrum, shown 
in Fig. 3, is of nucleic acid character. 

In previous work (4), Shockman estimated that the soluble 
fraction represents 81 and 64% of the dry weight of log cells and 
threonine cells, respectively. On that basis, and with the aid of 
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Taste III 
Analyses of postexponential threonine-limited cells* 
| Whole cells | Soluble fraction Wall fraction 
Chromatog- Bacterial’ | By differ. Chromatog- | Bacterial’ | By differ- Chromatog- | Bacterial’ By differ. 
| raphy | assay L- ence* p- raphy assay L- | ence* raphy assay L- ence*p- 
1. Glutamic acid 7.2 + 0.24.0 + 0.33.240.3604124940211402 64402 0.4 6.0 + 0.2 
2. Aspartic acid 5.2 + 0.13.0 2.24 0.14.6 + 1.12.5 2141.1) 58401 0.1 5.7 + 0.1 
3. Lysine 5.6 + 0.25.6 . 4.9 + 0.44.7 . 5.9 * 6.9 ° 
4. Alanine 4.3 + 0.23.0 1.3 + 0.2 2.9 + 0.12.3 0.6 £01 67402 3.9 28+ 0.2 
5. p-Alanine | 1.3 + 0.2 08401 | 3.0 + 02 
6. Ammonia 2.24 | 21+ 0.3 | 0.3 
| 
7. Leucine 2.34 0.2 27+ 0.1 | 04 | 
8. Glycine 2440.2 3.44 0.3 | 01401 
9. Valine 2.44 0.12.1 + 0.2° 2.6 + 0.22.5 ° 0440.1 
10. Isoleucine 2.0 + 0.21.9 + 0.2* 2.2 + 0.12.2 0.4 
11. Arginine 1.5 + 0.1) | 1740.2 0.2+ 0.2 
12. Threonine 1.5 + 0.11.4 + 0.2* 15+ 0.21.4 ° 0.2 . 
13. Phenylalanine (17+ 15+ 0.2 0.4 
14. Proline (1.6 + 0.41.2 14+ 0.1 | | 
15. Tyrosine (1.24 0.2 1.0 + 0.2 0.1 
16. Serine | 1.0 + 0.1 1.44 0.2 0.2+4 0.1 
17. Methionine 08 +01 0.9 0.1 
18. Histidine 0.74 0.1 09+ 0.1 
19. Cystine (0.2401 (02401 0.1 + 0.1 | 
| | | | | 
20. Peptide substance‘ 38 1 | 
21. Peptide corrected’ | 33 | 
22. N recovered? +2 | So +3 79 «6+ 0 
23. N content | i.4 6.3 | 


10.1 
| 


* Data show amounts of substance listed (+ average deviation), as percentage of dry weight (except for Line 22). 


zero values were obtained. 
> Average deviation is +0.1°% unless shown otherwise. 
¢ In the case of alanine also by direct bacterial assay (Line 5). 
4QOnly one determination. 


* indicates that 


¢Sum of the values of Lines 1 to 19, reduced by 14°% (approximate correction for HzO loss in peptide bond formation). 
4 Corrected for estimates of NH; (excess over 5°0 of protein N) and glycine (4 of amount found) produced by nucleic acid degradation 


(see section on soluble fraction under ‘‘Results’’). 
¢ As percentage of N in sample chromatographed. 


the estimates of Table IV, a tentative balance sheet of growth 
was prepared (Table V). It becomes apparent that when ex- 
ponential growth ends because of threonine depletion, the subse- 
quent postexponential development involves not only the forma- 
tion of new wall substance but also significant changes in the 
nucleic acid and soluble carbohydrate (and lipid?) content of the 
cell cytoplasm. Clarification of the nature of these changes de- 
mands further work. 

Whole Cells—Tentatively, p-glutamic acid, p-aspartic acid, and 
p-alanine may be considered as wall-specific components. With 
the use of the data of Tables II and III and assuming a 90°  in- 
crease in the dry weight of the whole cells after threonine deple- 
tion, the postexponential gains are 260, 180, and 180°, for the 
three p-amino acids, in the order listed above. These gains are 
similar in magnitude to gains reported previously (4) for other 
wall-specific parameters: cellular rhamnose (230°) and wall 
nitrogen (240%). 

Fig. 4 shows a comparison of the chromatographic values of all 
the amino acids (except glycine) found in 190 mg of threonine 
cells and the 100 mg of log cells from which the former develop 


after threonine depletion. Here the wall amino acids (p- + L-) 
show an average gain of 69°7, as a result of the formation of new 
wall substance (4), but there is also a significant gain (average 
17°%) in the nonwall amino acids. Since the amounts of the non- 
wall amino acids found in the purified wall fractions are negligible 
(Fig. 1), the 17° gain should be localized in the soluble fraction. 
However, on the basis of a postexponential gain of 50° in the 
amount of soluble substance (Table V, Column 2) and a ratio 
of 0.58 between the amino acid levels of the two types of soluble 
substance (Fig. 2), the soluble fraction of 190 mg of threonine 
cells contains only, on the average, 0.58 « 150 = 87°% of the 
amounts of the individual nonwall amino acids which are present 
in 100 mg of log cells at the point of threonine depletion. Ae- 
cordingly, a loss of 13° in the nonwall amino acids of the soluble 
fraction contrasts with a gain of 17° for these amino acids in 
the whole cells, te. (13 + 17)/117 = 26°; of the nonwall amino 
acids remain unaccounted for in the soluble fraction of the threo- 
nine cells. Correction for the nonwall amino acids found in the 
wall fraction reduces the discrepancy to 23%. 

It is not necessary to invoke the postexponential gain in bae- 
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terial substance in order to demonstrate this discrepancy. Un- 
corrected calculations based on nitrogen distribution and the per- 
centage of N of isolated fractions gave (4) figures of 64 and 44% 
by weight for the soluble and wall fractions, respectively, of threo- 
nine cells, and 81 and 25% for the corresponding fractions of log 
cells. If these figures are used to calculate the nonwall amino 
acid content of whole threonine cells from the data (Table III) 
for their soluble and wall fractions, an average deficit of 27% be- 
comes evident when the summated values are balanced against 
the values found for the whole cells. <A deficit of only 5% ap- 
pears when the same balance is made for log cells. The possible 
nature of these discrepancies is discussed below. 


DISCUSSION 
Our data on the wall amino acids agree with other findings 


(25) on walls of gram-positive organisms in regard to the occur- 
6h 
al 
i 
= 4 
2 
2 4 6 


LOG WALL 


Fic. 1. Comparison of the chromatographic amino acid values 
(from Tables II and III) of the wall fractions of exponential phase 
cells (Log wall) and postexponential, threonine-limited cells 
(Thr wall). O, wall amino acids and ammonia (Lines 1, 2, 3, 4, 6 
in Tables II and III); @, nonwall amino acids (Lines 7 to 19 in 
Tables II and III, cf. footnote 1). The magnitude of the slope 
Sy:=x is shown by numerals. The dash line corresponds to the 
slope 1.00. 


THR SOL 


i 


2 4 6 
LOG SOL 


Fic. 2. Comparison of the chromatographic amino acid values 
(from Tables II and III, omitting ammonia and glycine) of the 
soluble fractions of log cells (Log sol) and threonine cells (Thr 
sol). Swmbols asin Fig. 1. In calculating the slope of the curve 
for the wall amino acids the values for lysine have been omitted. 
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IV 
Estimated composition of soluble fractions* 
Soluble fraction 
Log cells Threonine cells 

1. Total N (reference 4).......... 14.5 11.4 
2. “16% N”’ substance (calculated 

91 71 
3. Protein substance (from Line 21 

of Tables II and III) 50 33 
4. Nucleic acid substance (Line 

41 38 
5. Nucleic acid substance (from 

260 my extinction)........... 41 35 
6. Non-N (carbohydrate) sub- 

stance (100 — Line 2)........ 9 29 


* Data show amounts as percentage of dry weight of fractions. 


nm 


OPTICAL DENSITY (1! CM) 


270 290 

Fig. 3. Spectra of the soluble fractions. Per milliliter of water 
there is present the fraction from 10.0 mg of log cells or from 19.0 
mg of threonine cells. The difference spectrum for the two sam- 
ples is also shown. 


rence of p-glutamic acid, L-lysine, and both forms of alanine. 
Although aspartic acid has been identified as a component of the 
wall of some organisms (26), it has not previously been shown to 
be present in the p-form. The question of the structural signifi- 
cance of the apparent 1:1 ratio among the five amino acids of the 
wall substance must remain open, pending clarification of the re- 
lations between the amino sugar peptides and the teichoic acids 
(27); the latter presumably contain b-alanine in an alkali-labile 
ester linkage (28) and the former, peptide-bound alanine (29). 
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TABLE V 
Tentative balance sheet of growth of soluble fraction 
> Total | Protein | Nucleic | Non.n 
mp me me me 

100 mg log cells 81 41 33 7 
190 mg threonine cells 122 40 47 35 
Change +41 =] +14 +28 


* A dry weight of 190 mg of cells (threonine cells) will be pro- 
duced from a dry weight of 100 mg of log phase cells upon the ex- 
haustion of threonine from the growth medium. 
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Fic. 4. Comparison of the chromatographic amino acid values 
(calculated from the data in Tables II and III, and omitting am- 
monia and glycine) for comparable quantities of whole log cells 
and threonine cells. The data are given as mg of amino acid per 
100 mg of log cells and per 190 mg of threonine cells. Symbols 
as in Fig. 1. 


Preliminary findings indicate the presence in our wall fractions 
of amino groups that are liberated by mild alkali treatment. 
Analysis of the cellular changes which occur after the depletion 
of valine (2) suggested that cell wall substance accounted for all 
of the postexponential nitrogen gain, but for only 70% of the 
weight gain. In the case of threonine depletion (where the post- 
exponential increments are much larger than in the case of valine 
depletion), wall substance again accounted for about 70% of the 
weight gain, but a major gain in nitrogen (about 25% of the total 
N gain) that was not accountable by wall substance also became 
apparent (4). The present data indicate that the extra nonwall 
nitrogen is principally nucleic acid nitrogen and that a major 


Bacterial Composition and Growth Phase 


Vol. 234, No. 12 


non-nitrogenous (carbohydrate or lipid) fraction also is formed 
in the cytoplasm (Table V). 

In addition to these two findings, and in addition to further 
evidence for postexponential changes in the composition as well 
as in the amount of cell wall substance, a fourth finding demands 
consideration. The amounts of nonwall amino acids found in 
the cytoplasmic substance (soluble fraction) of the threonine cells 
show a major deficit at two independent levels of comparison: the 
average deficit is 27% in comparison with the amounts found in 
whole threonine cells, and 23% in comparison with the amounts 
present in the log cells at the point of threonine depletion. The 
magnitude and consistency (duplicate or triplicate preparations 
and analyses of 12 amino acids) of these deficits seem to place 
them well beyond the range of technical errors. 

Tentatively, we conclude that a cell fraction relatively rich in 
the nonwall amino acids may have been lost in our preparative 
procedure. The multiple washings of the wall preparations may 
well remove a major part of the fragmented cytoplasmic mem- 
brane, in addition to contaminating cytoplasm. The ultraviolet 
extinction data on the washings leave room for this possibility. 
Furthermore, in previous determinations of the partition of nitro- 
gen between soluble and insoluble fractions (2, 4, 5) the drained 
pellet of insoluble material received little or no washing. Calcu- 
lations of the percentage of the dry weight of the whole cells 
accounted for as cell wall substance (Table I, Section B, in (4)) 
from nitrogen partition and nitrogen content (fraction of whole 
cell N XX N content of whole cells/N content of purified wall 
fraction) gave values which, when added to the dry weight of the 
soluble fraction, indicated yields in excess of 100% (106% for 
log cells and 108% for threonine cells). Although the discrep- 
ancy may stem from ordinary analytical errors, it would also 
support the assumption that a significant part of our insoluble 
fractions consists of material of higher N percentage than the wall 
substance itself. In the few instances where the cytoplasmic 
membrane (protoplast membrane) has been studied (30-32) it 
has been found to account for 8 to 20% of the bacterial substance 
and to contain protein of a broad amino acid spectrum in com- 
bination with lipid. The possibility that membrane synthesis is 
involved in the different responses to the depletion of different 
amino acids (3) is under investigation. 


SUMMARY 


Chromatographic and bacterimetric procedures have been used 
to determine the amino acid content of hydrolysates of cells of 
Streptococcus faecalis 9790 in the exponential phase of growth and 
of cells of the same organism which develop on further incubation 
after the available supply of threonine (but not of other nutrients) 
has been exhausted. Similarly, the amino acid composition of 
the soluble and insoluble (cell wall) fractions of these two cell 
types has been studied. The wall fractions of both types ap- 
peared similar, in that both contained p-glutamic acid, p-aspartic 
acid, t-lysine, p- and L-alanine in approximately equimolar 
amounts, together with negligible quantities of other amino acids. 
However, differences in the absolute values of total nitrogen and 
of amino acids suggest the existence of qualitative differences in 
composition. The soluble fractions of the two cell types showed 
a broad amino acid spectrum of essentially identical patterns. 
However, amino acids represent a lower percentage of the total 
nitrogen of the soluble fraction in threonine-depleted, postex- 
ponential cells than in the exponential cells, and ultraviolet ex- 
tinction measurements indicate that in both types of cells the 
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remainder of the nitrogen occurs as nucleic acid substances. In 
absolute terms, the evolution of exponential cells into threonine- 
depleted, postexponential ones (which had been shown previously 
to involve an increase of more than 200% in cell wall substance) 
involves no significant change in cytoplasmic (soluble fraction) 
amino acid nitrogen, but is accompanied by an increase of about 
40°% in nucleic acid substance and by the appearance of a major 
nonnitrogenous fraction in the cytoplasm. Indications were also 
obtained for the accumulation of nucleopeptide cell wall pre- 
cursors in the postexponential cells. The analyses have further 
suggested the possibility that the evolution of exponential cells 
into postexponential types may be accompanied by significant 
increases in membrane protein. 


Acknowledgments—We are grate‘ul to James F. Bowman, 
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Lillian S. Riley for their valuable help. 
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Within recent years considerable interest has arisen in the 
differentiation of functionally similar enzymes from different 
organs of the same species, or from the same organ of different 
species (1-4). Immunochemical procedures have been applied 
successfully by Schlamowitz (3) to the differentiation of alkaline 
phosphatases, and by Henion and Sutherland (2) to the differen- 
tiation of phosphorylases. The present study is concerned with 
an attempt to differentiate among the lactic dehydrogenases 
from different rabbit organs by means of their reactions with 
antirabbit muscle lactic dehydrogenase. 


EXPERIMENTAL 


Enzyme Assay—Lactic dehydrogenase activity was determined 
in the Beckman spectrophotometer at 340 my. One-tenth to 
0.5 ml of appropriately diluted enzyme was added to a cuvette 
with a light path of 10 mm containing 0.1 ml of 0.0025 m DPNH, 
0.3 ml of 0.01 m sodium pyruvate, and M/15 phosphate buffer to 
a final volume of 3.0 ml. The final concentration of pyruvate 
used was necessary to obtain optimal activity for a given amount 
of enzyme. One unit of enzyme was defined as that amount 
which will cause a decrease of 0.001 in optical density in one 
minute at 37°. Initial velocities were determined during the 
zero order portion of the reaction. 

Buffered Albumin—A 0.15% solution of human serum al- 
bumin (Cutter) in m/30 phosphate buffer, pH 7.4, was used as 
diluent for all lactic dehydrogenase preparations except where 
otherwise specified. 

Enzyme—Crystalline rabbit muscle lactic dehydrogenase 
(Worthington Biochemical Corporation, Freehold, New Jersey) 
had a specific activity of about 2.0 « 10° units per mg of protein 
and showed one protein staining area when subjected to paper 
electrophoresis. All dilutions of enzyme were made in m/30 
phosphate buffer containing 0.15°% albumin, except where other- 
wise specified. 

Protein Determinations—Protein was determined by the biuret 
method of Robinson and Hogden (5), or, when only a small 
amount was available, by the method of Lowry et al. (6). In 
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can Societies for Experimental Biology, Atlantic City, April 1959. 

+t This work has been supported in part by the following: Ameri- 
ean Cancer Society Grants No. P-163 and P-164A; Grants No. 
DRG 332B and 332C from the Damon Runyon Memorial Fund for 
Cancer Research, and by a research grant, C-4251(C1S1), from the 
National Cancer Institute, National Institutes of Health, Public 
Health Service. 


both cases crystalline bovine serum albumin was used as a stand- 
ard. 

Antienzyme—White leghorn roosters weighing from 800 to 900 
g were immunized with rabbit muscle lactic dehydrogenase ad- 
sorbed on aluminum hydroxide which was prepared according to 
Holford et al. (7). A suspension of crystalline enzyme, 0.1 ml, 
containing 2.5 mg of protein was diluted with 0.9 ml of 0.02 
phosphate buffer, pH 7.4, and 1.5 ml of aluminum hydroxide 
gel suspension was added giving a concentration of 1.0 mg 
of enzyme per ml. Less than 5% of the enzyme remained un- 
adsorbed, and 100% of the activity was recovered when the 
gel was eluted with 0.2 mM phosphate buffer, pH 7.4 A total 
of 28 mg of alum-adsorbed enzyme was injected into each of 
4 roosters via the wing veins. Injections were given on alternate 
days, and contained increasing amounts of enzyme according to 
the following schedule: four doses each of 0.5, 1.0, 1.5 and 2.0 
mg and two doses of 4.0 mg. After immunization the animals 
weighed 1.5 to 1.6 kg. 

Because of the relatively small amount of serum readily ob- 
tainable on clotting of chicken blood,’ blood was withdrawn into 
heparinized syringes. Three days after completion of the course 
of immunization, 0.02 ml plasma of each of the four roosters was 
tested for ability to inhibit the activity of 100 units of rabbit 
muscle lactic dehydrogenase. Two of the plasmas showed high 
antienzyme activity, inhibiting approximately 60 and 90° of the 
enzyme. The respective animals were exsanguinated one week 
after the last immunizing dose, and the plasmas were preserved 
with 0.1°% phenol. After a 3 week rest, each of the two remain- 
ing roosters received an injection of 4.0 mg of the alum-adsorbed 
lactic dehydrogenase, but this procedure did not increase the 
low inhibiting action (15°7) of their plasmas. The plasmas were 
stored separately, in larger amounts in the Deep Freeze at —15° 
to —20°, and in smaller amounts in the cold room at 4°. In 
the course of storage for several weeks, precipitates, probably 
fibrin, formed; these were centrifuged off before precipitin tests 
were set up. During the 72-hour incubation period used for 
these tests, the amount of protein precipitated in the control 
containing plasma from the immunized rooster but no added 
muscle lactic dehydrogenase did not differ significantly from the 
amounts precipitated in controls containing human serum and no 
or varying amounts of the rabbit muscle lactic dehydrogenase. 
It was not likely, therefore, that precipitation of fibrin during the 
incubation period was significant enough to alter the values for 


1 Dr. William L. Money, personal communication. 
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the precipitin reaction. For purposes of convenience the par- 
tially fibrin-free plasmas from the immunized roosters will be 
referred to as antisera. Less than 50° of the lactic dehydro- 
genase activity in the antisera could be destroyed by heating to 
56° for 45 minutes. They were used, therefore, without heating, 
and appropriate corrections were made for their lactic dehydro- 
genase activity. With the exception of the results in Fig. 2, all 
the data reported here were obtained with the antiserum showing 
9); inhibition in the test system. 


RESULTS 


The serum of untreated roosters did not inhibit the activity of 
the muscle lactic dehydrogenase. It was also found that the 
presence of normal rooster or human serum prevented the inac- 
tivation of dilute solutions of the enzyme incubated for periods of 
1 to 3 days at 4°. For this reason human serum was included in 
the control experiments when the inhibition of the enzyme by 
antiserum was measured. 

Reaction of Rabbit Muscle Lactic Dehydrogenase with Antien- 
zyme-—Varying amounts of rabbit muscle lactic dehydrogenase 
ranging from 0.25 to 500 yg, dissolved in 0.2 ml of m/15 phos- 
phate buffer, pH 7.4, were added to 0.2 ml of undiluted anti- 
serum in small plastic centrifuge tubes. Control tubes contained 
0.2 ml of normal human serum and enzyme. All experiments 
were set up in triplicate. After 72 hours at 4° the tubes were 
centrifuged at 800 g and the supernatants were carefully de- 
canted. Aliquots of the supernatant solutions from two of each 
set were appropriately diluted, and lactic dehydrogenase activity 
was determined. The precipitate in one of each set of tubes was 
washed twice with 1.0 ml portions of 0.9% NaCl solution. No 
appreciable enzymic activity was obtained in these washings. 
The precipitates, suspended in 0.96% NaCl solution, were also 
inactive. Treatment of portions of the suspensions with 1.0 m 
phosphate buffer, pH 8.0, or with 30°, NaCl did not result in 
any recovery of enzymic activity. The precipitates from the 
two remaining tubes in each set were washed twice with 1.0-ml 
portions of 0.9% NaCl solution, and the protein contents were 
determined by the method of Lowry et al. (6). 

Fig. 14 shows the inhibiting effect of the homologous anti- 
serum on varying concentrations of muscle lactic dehydrogenase. 
Inhibition of enzymic activity by 0.2 ml of antiserum was com- 
plete up to 10 wg of enzyme. Beyond this the extent of inhibi- 
tion decreased and became unmeasurable above 80 ug of enzyme. 
The precipitation of protein with varying concentrations of en- 
zyme is typical of an antibody-antigen interaction (Fig. 1B). 
The extent of precipitation increased up to 40 ug of the antigen 
(enzyme). Beyond this, precipitation decreased with increasing 
amounts of enzyme, and became very small at amounts above 
300 ug of enzyme. Approximately 110 wg of protein precipi- 
tated in the controls containing human serum and varying 
amounts of rabbit muscle lactic dehydrogenase as well as in 
controls containing antiserum without any added muscle lactic 
dehydrogenase. This value was taken as a base line from which 
the precipitation of the enzyme-antienzyme complex was meas- 
ured. 

The time course of the inhibition of the muscle lactic dehydro- 
genase by antienzyme is shown in Fig. 2. The reaction is time- 
dependent and is complete within 4 hours for the concentrated 
system and within 24 hours for the dilute system. The same 
degree of inhibition was reached whether the enzyme-antienzyme 
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Fic. 1. 0.2 ml of rabbit muscle lactic dehydrogenase solution 
was added to 0.2 ml of normal human serum (O) or antiserum (@) 
and was incubated at 4° for 72 hours. Each point represents the 
average of duplicate determinations. A. The ordinate repre- 
sents percentage of added enzyme remaining in the supernatant. 
B. The ordinate represents ug of protein precipitated. 
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Fig. 2. Inhibition of rabbit muscle lactic dehydrogenase by 
antirabbit muscle lactic dehydrogenase with time. @—-—-@ 10 
ug enzyme and 0.2 ml antiserum per ml. O-——O 0.25 wg enzyme 
and 0.005 ml antiserum per ml. The antiserum showing 60% 
inhibition in the test system was used in this experiment. 


mixture was diluted for activity determination immediately or at 
the end of the incubation period. 

Marucci and Mayer (8) have reported that the extent of in- 
hibition of urease by its homologous antiserum was independent 
of the concentration of the reactants at any given ratio of anti- 
body to enzyme, but was a function of the ratio of antibody to 
enzyme. When rabbit muscle lactic dehydrogenase in concen- 
trations ranging from 0.25 to 5.0 wg per ml was incubated with 
varying amounts of homologous antiserum, the extent of inhibi- 
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INHIBITION— PER CENT 


50 150 200 250 
RATIO: pg. ENZYME /m |. ANTISERUM 

Fic. 3. Relationship between antigen:antibody ratio and ex- 
tent of inhibition of rabbit muscle lactic dehydrogenase by anti- 
body at: O, 0.25 wg of enzyme per ml; @, 1.0 ug of enzyme per ml; 
and A, 5.0 wg of enzyme per ml. 


100 


Taste I 
Inhibition of lactic dehydrogenase from rabbit organs by 
anttrabbit muscle lactic dehydrogenase 
Two hundred units of enzyme were incubated with 0.02 ml of 
antiserum or normal human serum in a total volume of 2.0 ml. 
Percentage of inhibition is calculated as described in the text. 


Unpurified Purified 
preparation preparation 
Enzyme source i 3 
Inhibitions | Specific 25 
| | % 
3.6 32 4 14.5 45 
1.7 X 10° 69 + 5 1.0 X 10* | 73 
1.4 10° 25 + 4 5.0 108 | 38 
11X10 943 23x 8 
1.8 10* 81 + 5 9.5 X 10* | 79 
2.0 X 10°f) 88 
ce’ 43 +1 
1:1 serum and muscle 
(single determination). 
63 (cale’d) 


* Values in this column represent the mean + the average devi- 
ation of the results obtained with three animals (four sets of de- 
terminations except in the case of spleen where only three deter- 
minations are represented). 

t Crystallized 2 times. 


tion also was found to be dependent solely upon the enzyme- 
antienzyme ratio (Fig. 3). 

The influence of substrates on the inhibition of enzymes by 
homologous antisera has been studied in several instances (2, 9, 
10,11). Mansour et al. (11) were unable to detect any effect on 
the inhibitory action of rooster antiserum to rabbit muscle lactic 
dehydrogenase by pre-incubation of the enzyme with pyruvate, 
lactate, DPN, or DPNH. We have also been unable to demon- 
strate any influence of pyruvate or DPNH on the inhibition of 
rabbit muscle lactic dehydrogenase by its homologous antiserum, 
as is shown in the following experiment. Two ml of 50-fold di- 
luted antienzyme was added to 3.0 ml of buffer containing 2.5 mg 
of enzyme and pyruvate to give a final concentration of from 0 to 
30 mm. Samples were withdrawn at zero time and again after 
1 hour and 24 hours incubation at 4°. Enzyme activity was 
determined at these times, suitable allowances being made for 
the substrate present in the incubation mixture. After 24 hours 
incubation the inhibition by the antiserum was 65°, + 3% in the 


absence and in the presence of pyruvate at the various concen- 
trations tested. Similar experiments showed that DPNH in 
concentrations up to 0.5 mm also had no effect on the inhibition 
of the lactic dehydrogenase by its homologous antiserum. 

Comparison of Inhibiting Effect of Antirabbit Muscle Lactic 
Dehydrogenase on Lactic Dehydrogenases from Various Rabbit Or- 
gans—Rabbit liver, heart, and kidney were partially perfused 
with 0.9% NaCl, and homogenized in a Waring Blendor with a 
volume of distilled water equal to twice the weight of the organ; 
insoluble material was removed by centrifugation. Spleen and 
skeletal muscle were treated similarly, but without perfusion. 
Serum was also studied. A portion of each extract and of the 
serum were purified as follows: the pH was adjusted to 5.2 with 
2 N acetic acid and the enzyme was adsorbed on an equal volume 
of calcium phosphate gel prepared according to Meister (12). 
The gels were then washed once with a volume of water equal to 
the volume of extract used, and once with an equal volume of 0.1 
u phosphate buffer, pH 7.8. The enzyme was then eluted with 
two successive 0.5 volumes of 0.2 M phosphate buffer, pH 7.8. 
The gel eluates were readjusted to pH 5.2 with 2 » acetic acid, 
and solid ammonium sulfate was added to a final concentration 
of 0.3 g per ml. The precipitates were collected by centrifuga- 
tion and dissolved in 0.1 «4 phosphate buffer, pH 7.8, containing 
0.001 m EDTA. The specific activities of the partially purified 
enzyme from each organ and of the unpurified extracts are given 
in the second and fourth columns of Table I. 

Portions of the purified and unpurified preparations were di- 
luted with buffered albumin, and aliquots containing about 200 
units of enzyme activity were mixed with 0.02 ml of antiserum 
or human serum in buffered albumin to give a final volume of 2.0 
ml. After standing at 4° for 48 to 72 hours, the mixtures were 
centrifuged, and the activity in the supernatant fluids was de- 
termined. 

The data presented in Table I represent the averages of the 
results obtained with unpurified organ extracts from three dif- 
ferent rabbits, and with purified enzyme from one organ of one 
animal. The values given in columns 3 and 5 were calculated 
from the activities in the presence of antiserum compared with 
those of the control mixtures containing human serum. There 
was no significant difference between the inhibition of the un- 
purified preparation and that of the corresponding purified prep- 
aration except, possibly, in the case of serum and kidney. The 
level of antienzyme that inhibited about 80% of muscle lactic 
dehydrogenase in the test system inhibited about 70% of enzyme 
from liver, 25% of that from kidney, 43% of that from spleen, 
and only 9% of the enzyme from heart. Only 32% of the lac- 
tic dehydrogenase in rabbit serum was inhibited by the anti- 
enzyme. The inhibition of a 50:50 mixture of the dehydro- 
genases from rabbit serum and rabbit muscle was equal to the 
calculated value, i.e. the average of the inhibition of enzyme from 
each source by anti-rabbit muscle lactic dehydrogenase. 

To illustrate how the extent of inhibition of different organ 
lactic dehydrogenases by antirabbit muscle lactic dehydrogenase 
may be used to determine the organ of origin of this enzyme, the 
hepatotoxic agent CCl, was administered to two rabbits. Each 
animal received 1.0 g of CCl, in peanut oil per kg of body weight. 
This agent has been shown to cause the release of transaminase 
(13) and phosphohexose isomerase into the circulation (14). Fig. 
4A shows that a 40-fold increase in the serum lactic dehydro- 
genase activity, from a normal value of 300 to 400 units per ml 
to a maximal level of over 14,000 units per ml, occurred between 
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the 10th and 20th hours after administration of CCl. At the 
same time the inhibition of the serum enzyme by antirabbit mus- 
cle lactic dehydrogenase rose from a normal value of 25 to 30% 
to a maximal value of 75 to 80% (Fig. 4B), the same extent of 
inhibition which was obtained with liver lactic dehydrogenase. 
The degree of inhibition of the serum enzyme by its antienzyme 
remained elevated until the serum enzyme activity returned to 
normal. Damage to the liver was also indicated by the finding 
that the serum phosphohexose isomerase level closely paralleled 
the rise and fall in serum lactic dehydrogenase. A second rabbit 
treated with CCl, gave the same results as are shown in Fig. 4. 
A control animal injected with peanut oil, the vehicle in which 
the CCl, had been administered, showed no rise in either the 
serum level of lactic dehydrogenase or its inhibition by anti- 
serum.? 


DISCUSSION 


The data presented in Fig. 1 show that at high antibody :anti- 
gen ratios rabbit muscle lactic dehydrogenase can be completely 
inhibited by its homologous antiserum. As the antibody :anti-. 


gen ratio is decreased lactic dehydrogenase activity in the super- 


natant increases while the amount of protein precipitated also 
increases, This behavior in the region of moderate antigen ex- 
cess is in agreement with the observations of Heidelberger and 
Kendall (15) on the dye-egg albumin: antibody system and with 
their Equation 4 expressing the general relationship. Further 
increases in the antigen concentration causes a decrease in the 
amount of protein precipitated. Goodman et al. (16) and Bano- 
vitz et al. (17) reported that the usual isotonic concentration of 
0.15 m NaCl, optimal for the precipitation of antibodies from 
rabbit and horse sera (18), is not adequate for the precipitation 
of antibodies to crystalline beef albumin, human y-globulin, and 
beef serum from chicken sera at higher concentrations of antigen. 
If these considerations apply to the antigen:antibody system 
considered in the present study, the values for the amount of 
precipitate listed in Fig. 1B would probably be altered at the 
higher concentrations of enzyme, although the general form of 
the relationship would remain the same. 

All attempts to recover lactic dehydrogenase activity from 
the antigen:antibody precipitates were unsuccessful, suggesting 
that at least one of the antigenic sites on the enzyme molecule 
is identical with the enzymically active center. Henion and 
Sutherland (2) also showed that the washed precipitates ob- 
tained from the reaction of dog phosphorylase with its homolo- 
gous antiserum were enzymically inactive. In contrast, how- 
ever, enzymically active precipitates have been reported for the 
interaction of homologous antisera with dog intestinal phos- 
phatase (19), jack bean urease (8), and liver phosphohexose 
isomerase (20). 

Our finding that the extent of inhibition of rabbit muscle lactic 
dehydrogenase by antienzyme was dependent solely upon the 
antibody:antigen ratio is in agreement with the findings of 
Marucci and Mayer for urease (8), but is contrary to the results 
of Gregory and Wréblewski (21) who used dilute, unprotected 
solutions of rabbit muscle lactic dehydrogenase and short pe- 
riods of incubation of enzyme with antiserum. As is shown 
in Fig. 2, the reaction between enzyme and antienzyme in dilute 
mixtures is time dependent. | 

2? Attempts to produce cardiac damage and a resulting increase 


in serum lactic dehydrogenase by means of injections of papain 
or diphtheria toxin were unsuccessful. 
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Fig. 4A. Lactic dehydrogenase activity of rabbit serum. 
CCl, administered at time indicated by the arrow. B. Inhibition 
of rabbit serum lactic dehydrogenase by antirabbit muscle lactic 
dehydrogenase before and after treatment with CCl,. 100 units 
of enzyme were mixed with 0.01 ml of antiserum in a total volume 
of 1.0 ml of m/15 phosphate pH 7.4. Controls contained 0.1 ml 
of normal human serum. Activity was determined after 3 days 
at 4°. 


Antibody to rabbit skeletal muscle lactic dehydrogenase in- 
hibits to varying degrees the lactic dehydrogenase from other 
rabbit organs (Table I). The differences in the inhibition of 
lactic dehydrogenases from the various organ sources is best 
demonstrated by using dilute antiserum, i.e. that amount which 
will inhibit about 80% of the activity of rabbit muscle lactic 
dehydrogenase. Under these conditions it has been possible to 
demonstrate an increase in the inhibition of rabbit serum lactic 
dehydrogenase by antirabbit muscle lactic dehydrogenase paral- 
leling the rise in the serum enzyme activity which occurs during 
CCl, toxicosis. Presumably, both the rise in serum enzyme 
content and the increased inhibition of the serum enzyme by 
antiserum were reflections of damage to the livers of the treated 
animals. 


SUMMARY 


The role of various factors in the inhibition of rabbit lactic 
dehydrogenases by antirabbit muscle lactic dehydrogenases has 
been studied. At those conditions under which the antienzyme 
inhibits lactic dehydrogenases of rabbit skeletal muscle and liver 
almost completely, those of spleen, kidney and serum are affected 
only moderately, and that of heart slightly. The passage of 
enzymes from damaged liver into the circulation was reflected 
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by a rise in the activity of the lactic dehydrogenase in the serum 
and by a marked increase in the inhibition of serum lactic dehy- 
drogenase by antienzyme. 
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Chance (1) has proposed that the peroxidase-catalyzed oxida- 
tion of dihydroxyfumaric acid proceeds in two steps. The first 
step is the oxidation of the hydrogen donor by oxygen, the reac- 
tion being catalyzed by a manganese-activated peroxidase and 
accompanied by the production of hydrogen peroxide. The sec- 
ond step is the oxidation of additional hydrogen donor by hydro- 
gen peroxide, this reaction again being catalyzed by peroxidase. 
Akazawa and Conn (2) have proposed an analogous mechanism 
for the peroxidase-catalyzed oxidation of reduced diphospho- 
pyridine nucleotide. An alternative mechanism for peroxidase- 
catalyzed oxidations was suggested by Kenten and Mann (3) 
who observed that manganese was oxidized during the peroxi- 
dase-catalyzed oxidations of organic acids. They considered 
that the manganese was oxidized enzymically, and that the man- 
ganic ions formed were necessary for the oxidation of the hydro- 
gen donors. This function of manganese has been incorporated 
into the mechanism of oxidation of indoleacetic acid presented 
by Maclachlan and Waygood (4). 

Inhibitors have been employed in the present study to obtain 
more information on the mechanism of peroxidase-catalyzed oxi- 
dations. The data show the similarity of DPNH and indole- 
acetic acid oxidation and suggest that peroxidase-catalyzed 
oxidations may proceed by different mechanisms at different 
concentrations of manganese. 


EXPERIMENTAL 


Horseradish peroxidase was obtained from Nutritional Bio- 
chemicals Corporation (activity stated by the supplier was 60 
units per mg by the assay of Polis and Shmukler (5)). Solutions 
were prepared by dissolving 10 mg of the powder in 100 ml of 
water. The solutions were stored at 5° under toluene. 

Gas exchange was measured manometrically at 30° (6) for the 
oxidation of manganese (7), the nonenzymic oxidation of indole- 
acetic acid and the enzymic oxidation of indoleacetic acid. 

Oxidation of DPNH was measured by following the decrease 
in optical density at 340 my with a Beckman DU spectrophotom- 
eter. 


RESULTS 


Inhibition by Chelators—Citrate and pyrophosphate inhibited 
the peroxidase-catalyzed oxidation of indoleacetic acid when 
cerium or manganese was used as the metallic cofactor (8). The 
inhibition in the presence of cerium is shown in Fig. 1; the re- 
sults obtained when manganese replaced cerium were similar. <A 
greater concentration of pyrophosphate than of citrate always 


* Published with the approval of the Director of the Wisconsin 
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was required for a given inhibition. Citrate and pyrophosphate 
inhibited by producing a lag period before oxygen uptake started. 
After the lag period, the rate of oxygen uptake approached the 
rate obtained in the absence of inhibitor. The inhibition caused 
by a given concentration of citrate decreased as the pH was low- 
ered (Fig. 2), because the proportion of undissociated acid and 
monoanion, which do not chelate, increased as the pH was low- 
ered. 

Any alteration in the reaction mixture which accelerated the 
oxidation of indoleacetic acid also was effective in reducing the 
inhibition by a given concentration of chelator. Table I shows 
that an increased concentration of manganese decreased inhibi- 
tion by citrate. A comparable effect of indoleacetic acid concen- 
tration was observed; as its concentration was increased from 1.5 
umoles, to 3, to 6 umoles per vessel the lag period caused by a 
constant concentration of pyrophosphate (10 wmoles) was re- 
duced from 23 minutes, to 16, to 9 minutes, respectively (the re- 
action mixture also contained 50 umoles of pH 6.0 phosphate 
buffer, 3 umoles of MnCl,, 3 umoles of resorcinol, and 0.2 ml of 
horseradish peroxidase solution). 

Any change in the composition of the reaction mixture which 
slowed the rate of reaction increased the inhibition by a constant 
concentration of chelator. Kenten (9) and others have reported 
that the enzymic oxidation of indoleacetic acid is stimulated by 
low concentrations of resorcinol, but inhibited by higher concen- 
trations. Supraoptimal concentrations of resorcinol increased 
the inhibition by pyrophosphate. When 3 umoles of resorcinol 
were present per vessel, the lag periods were 12 and 5 minutes 
in the presence of 3 and 6 umoles of MnCl, per vessel, respec- 
tively. However, when the resorcinol concentration was in- 
creased to 6 umoles per vessel, the lag periods were 30 and 10 
minutes under the same respective conditions. In this experi- 
ment there was no lag in the absence of pyrophosphate (the ves- 
sels contained 50 umoles of pH 6.0 phosphate buffer, 3 umoles of 
indoleacetic acid, 10 umoles of pyrophosphate, except in the 
controls, and 0.5 ml of the horseradish peroxidase solution). 

Akazawa and Conn (2) have reported that the peroxidase- 
catalyzed oxidation of DPNH is not inhibited by pyrophosphate 
and citrate. However, at higher concentrations of manganese 
than those used by Akazawa and Conn, the reaction becomes sus- 
ceptible to pyrophosphate and citrate; Fig. 3 shows that an in- 
crease in manganese concentration increases inhibition by citrate. 

Akazawa and Conn (2) also reported that the peroxidase-cata- 
lyzed oxidation of DPNH was inhibited by EDTA," and they 
contrasted this result with the report (10) that the peroxidase- 
catalyzed oxidation of indoleacetic acid is not affected by EDTA. 
In experiments with higher concentrations of manganese and re- 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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Fic. 1. The inhibitory effect of citrate and pyrophosphate on 


the oxidation of indoleacetic acid. a. The reaction mixture con- 
tained 50 uwmoles of succinate buffer, pH 6.0; 5 wmoles of indole- 
acetic acid: 3 wmoles of CeCl;; 2 wmoles of resorcinol; 0.3 ml 
of horseradish peroxidase solution; and citrate as indicated: 
A——A, no citrate; O——O, 1 umole; @——@, 2umoles. 6b. The 
reaction mixture contained components as in a, citrate was re- 
placed by pyrophosphate. A——-A, no pyrophosphate; O——O, 
40 @——@, 60 umoles. 


sorcinol than those used by Akazawa and Conn, the rate of oxi- 
dation of DPNH was not affected significantly by EDTA. In 
the presence of 0, 10, 20, and 30 umoles of EDTA per cuvette, 
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the oxidation of DPNH gave the following changes per minute 
in extinction at 340 mu: 0.75, 0.80, 0.73, and 0.72, respectively 
(the reaction mixture contained 50 umoles of pH 7.5 Tris buffer, 
5 umoles of resorcinol, 1 umole of MnCl:, 0.4 ml of DPNH solu- 
tion containing 1 mg of DPNH- Naz per ml, and 0.5 ml of horse- 
radish peroxidase solution in a total volume of 3.5 ml). 
Inhibition by Phenolic Compounds—Kenten (9) reported that 
peroxidase-catalyzed oxidation of indoleacetic acid was inhibited 
by catechol and several other phenolic compounds. Waygood 
et al. (10) showed that catechol inhibited by causing a lag period. 
The inhibition by catechol becomes apparent over a very narrow 
concentration range (Fig. 4a). In this range, the lag period 
rapidly increased from zero to infinity (Fig. 5). The nonenzymic 


Minutes 

Fia. 2. The effect of pH on the citrate inhibition of indoleacetic 
acid oxidation. The reaction mixture contained 50 umoles of 
citrate buffer, 3 wzmoles of MnCl2, 5 wmoles of indoleacetic acid, 2 
znmoles of resorcinol, 1.0 mg of bovine serum albumin to lessen in- 
activation of the enzyme, 0.3 ml of horseradish peroxidase solu- 
tion. O——O, pH 3.0; A——A, pH 4.0; @——@, pH 5.0. For 
clarity, the results at only three pH’s are shown. At pH 3.5 and 
pH 4.5, the results were intermediate to pH’s 3.0 and 4.0, and 4.0 
and 5.0, respectively. 


TABLE I 


Effect of manganese concentration on inhibition by 
citrate of tndoleacetic acid oxidation 
The reaction mixture contained 50 umoles of phosphate buffer, 
pH 6.0, 3 wmoles of indoleacetic acid, 3 umoles of resorcinol, 0.5 
ml of horseradish peroxidase solution; MnCl2, and citrate as in- 
dicated in the table. 


Lag period 


Citrate per vessel 
6 minutes 
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3 minutes 


pmoles pmoles Mn**/vessel 
0 0 0 
1 4.5 3 
2 20 11.5 
3 48 28 
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oxidation of indoleacetic acid was affected similarly by catechol 
(Fig. 4b); the increase in concentration required to proceed from 
insensitivity to total inhibition was very small. Since the per- 
oxidase-catalyzed oxidation of manganese has been considered as 
a partial reaction in the oxidation of indoleacetic acid, the effect 
of catechol on this reaction was also determined (Fig. 4c). Low 
concentrations of catechol stimulated the oxidation of manganese 
and indoleacetic acid. Gortner and Kent (11) previously have 
observed stimulation of indoleacetic acid oxidation by low con- 
centrations of inhibitory substances. The inhibition of manga- 
nese oxidation at higher concentrations of catechol was not as 
marked as the inhibition of indoleacetic acid. The effect of 
catechol on the oxidation of manganese therefore does not com- 
pletely explain the effect of catechol on the enzymic oxidation of 
indoleacetic acid. 
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Fic. 3. Effect of manganese concentration on the citrate in- 
hibition of DPNH oxidation. a. 2 uwmoles of MnCl: per cuvette; 
b. 1 umole of MnCl, per cuvette; c. 0.7 umole of MnCl, per cuvette. 
O——O, no citrate; @——@, 2 wmoles of citrate per cuvette. 
In addition to the above components, the reaction mixture con- 
tained 50 wmoles of Tris buffer, pH 7.5; 5 wmoles of resorcinol; 0.4 
mg of disodium DPNH; 0.3 ml of horseradish peroxidase solution, 
and water to make a total volume of 3.5 ml. 


XUM 


J. B. Mudd and R. H. Burris 


3283 


ul evolution / 10 min. 


0 107° 107> 107? 


Molarity of Catechol 


Fic. 4. Inhibition by catechol of the oxidation of indoleacetic 
acid and of manganese. a. Enzymic oxidation of indoleacetic 
acid. The reaction mixture contained 50 umoles of phosphate 
buffer, pH 6.0; 0.5 umole of resorcinol; 3 zmoles of MnCl:; 5 uwmoles 
of indoleacetic acid; 0.3 ml of horseradish peroxidase solution; 
and catechol to give the required final concentration. 6. Non- 
enzymic oxidation of indoleacetic acid. The reaction mixture 
contained 50 umoles of phosphate buffer at pH 6.0; 2.5 mg of MnO:; 
5 wmoles of MnCl; 50 wmoles of EDTA; 5 umoles of indoleacetic 
acid; and catechol to give the required concentration. c. Enzymic 
oxidation of manganese. The reaction mixture contained 50 
umoles of phosphate buffer at pH 6.0; 5 umoles of MnCl;; 0.5 umole 
of resorcinol; 0.2 ml of 0.15% hydrogen peroxide; horseradish 
peroxidase solution and water. 


Near the critical concentration of catechol, the increase in the 
length of the lag period is very great in proportion to the in- 
crease in catechol concentration (Fig. 5). A rapid increase in 
the length of lag period with increasing concentration of inhibitor 
also was observed with a naturally occurring inhibitor found in 
quack grass rhizomes (12). Gortner and Kent (11) have shown 
that the naturally occurring “‘indoleacetic acid oxidase” inhibitor 
of pineapple is ferulic acid. This inhibitor also showed a dis- 
proportionate increase in lag period as the concentration of in- 
hibitor was increased in our system with horseradish peroxidase 
(Fig. 5). 


DISCUSSION 


The peroxidase-catalyzed oxidations of dihydroxyfumaric acid 
(13), phenylacetaldehyde (14), dicarboxylic acids (3), indole- 
acetic acid (15), phenylpyruvie acid (16), 2-nitropropane (17), 
and DPNH (2) have in common the property of stimulation by 
manganese. It may be hypothesized that the mechanisms of 
these reactions also have something in common. However, dif- 
ferences in the oxidations of DPNH and indoleacetic acid have 
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Fic. 5. Inhibition by phenolic compounds of indoleacetic acid 
oxidation. @——®@, catechol; O-——O, ferulic acid. The re- 
action mixtures contained 50 uzmoles of phosphate buffer, pH 6.0; 
5 umoles of indoleacetic acid; 3 wmoles of MnCl;; 0.3 ml of horse- 
radish peroxidase solution; and 3 wmoles of resorcinol in the experi- 
ment with ferulic acid and 0.5 umole of resorcinol in the experiment 
with catechol. 


been observed (2). These differences were that the oxidation 
of DPNH was inhibited by catalase, and by EDTA, but not by 
citrate and pyrophosphate. But the effect of catalase on indole- 
acetic acid oxidation has been variable; inhibition (9) as well as 
stimulation (10) has been observed. Our data reconcile the other 
differences. We have confirmed the demonstration that peroxi- 
dase-catalyzed DPNH oxidation is unaffected by citrate at low 
concentrations of manganese (2). But when the concentration 
of manganese is increased, the reaction becomes susceptible to 
citrate. The same observations have been made by Kenten (9) 
and Stutz (18) for indoleacetic acid oxidation; citrate inhibition 
is not apparent until manganese is added to the reaction mixture. 
EDTA did not inhibit the oxidation of indoleacetic acid (10), 
whereas it did inhibit the oxidation of DPNH (2). We have 
found that at higher concentrations of manganese than those 
previously used (2), DPNH oxidation, like indoleacetic acid oxi- 
dation, is insensitive to EDTA. It therefore appears that the 
mechanisms of the peroxidase-catalyzed oxidations of DPNH 
and indoleacetic acid have much in common. Furthermore, it 
appears possible that the reaction mechanism is different at low 
and high concentrations of manganese. 

The inhibition of indoleacetic acid oxidation by chelators is 
consistent with the participation of manganic ions. Factors 
which affect the production or utilization of manganic ions affect 
the degree of inhibition in a predictable manner. Since hydrogen 
peroxide is produced during the oxidation of indoleacetic acid 
(19), the participation of manganic ions seems inevitable, be- 
cause the peroxide will support the oxidation of manganese (7), 
and because the manganic ions will oxidize indoleacetic acid 
nonenzymically (20). 
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The lag period caused by chelators and some phenolic com- 
pounds probably results from their trapping or inactivation of an 
essential intermediate and the simultaneous inactivation of the 
inhibitor, when it forms a complex with the intermediate. With 
the chelators, the effect can be explained as a trapping of man- 
ganic ions, as they are formed, until the number of manganic 
ions formed exceeds the capacity of the chelator. Increasing the 
rate of formation of manganic ions, for example by increasing the 
concentration of manganous ions, reduces the lag period. Rein- 
ert et al. (21) have observed that the lag period caused by diethy]- 
dithiocarbamate is reduced by increasing manganese concentra- 
tion. Increasing the indoleacetic acid concentration reduces the 
lag period, probably by competing more effectively with the che- 
lator for manganic ions. 

The lag period inhibition caused by phenolic compounds has at 
least three apparently logical explanations: Waygood et al. (10) 
concluded that the phenolic inhibitors react directly with man- 
ganic ions because they decolorize solutions of manganiversene; 
Ray (22) has pointed out that the phenolic inhibitors may act 
by virtue of their property as free radical inhibitors; finally, the 
phenolic inhibitors may form a nonreactive complex with the 
enzyme (11). The data still are insufficient to support a choice 
among these possibilities. 

The unusual enzyme concentration-activity curve shown for 
pineapple “indoleacetic acid oxidase” (23), in which high enzyme 
concentrations were apparently inhibitory, is explicable in the 
light of the discovery of the exponential increase in inhibition 
caused by some phenolic compounds. When naturally occurring 
inhibitor is added with the enzyme, its exponential effect soon 
overcomes the stimulatory effect of increased enzyme concentra- 
tion. 


SUMMARY 


1. Citrate and pyrophosphate inhibited oxidation of indole- 
acetic acid by horseradish peroxidase when manganese or cerium 
was used as the metallic cofactor. 

2. This inhibition of indoleacetic acid oxidation by chelators 
was reduced by increasing either the concentration of manganese 
or the concentration of indoleacetic acid. The inhibition was 
increased by increasing the concentration of resorcinol to levels 
which were supraoptimal for oxidation in the absence of chelator. 

3. The inhibition by citrate of reduced diphosphopyridine 
nucleotide oxidation was increased by increasing the concentra- 
tion of manganese. 

4. The effect by catechol and ferulic acid as inhibitors cf in- 
doleacetic acid oxidation increased approximetciy exponentially 
as their concentration was increescd. 
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Cytochromes c, and c, of Azotobacter vinelandii: 
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In 1956, Tissiéres and Burris (1) and Tissiéres (2) described 
the purification and certain properties of cytochromes c, and c; 
isolated from the nitrogen-fixing bacterium, Azotobacter vine- 
landii. Because of their spectral similarities to cytochromes c 
and c, of mammalian tissues, it was suggested that the bacterial 
pigments may perform similar functions. This paper reports 
modifications of the purification procedure and some of the physi- 
cal properties of the purified pigments. In addition, crystalline 
preparations have been obtained. 


METHODS 


Organism and Culture Method—Azotobacter vinelandii, Wis- 
consin strain O, was grown with vigorous aeration for 16 to 24 
hours at 30° in Burk’s nitrogen-free medium (3). 

Extraction and Purification of Cytochromes c, and cs—The pro- 
cedure used for extraction of the cells was essentially that de- 
scribed by Tissiéres (2) but included some modifications. After 
clarification of the butanol-water extract with basic lead acetate, 
the excess lead was precipitated together with the cytochromes 
by ammonium sulfate added to approximately 70% saturation. 
Extraction of the precipitate with phosphate buffer dissolved the 
cytochromes without dissolving the lead sulfate; these modifica- 
tions increased the recovery of cytochromes. The partially puri- 
fied mixture of cytochromes was subjected to chromatography 
on calcium phosphate gel and then on carboxymethy! cellulose. 
A total yield of 15 to 25 mg of cytochrome cs and 30 to 50 mg of 
cytochrome c, was obtained from 200 g of bacteria (dry weight 
basis). 

Calcium Phosphate Gel—This was prepared as described by 
Tiselius et al. (4). The cytochrome solution was dialyzed against 
0.001 m phosphate buffer of pH 6.8 and passed through a short, 
wide column of the gel (example described in Fig. 1). The ma- 
terial which passed through in about 3 column volumes was con- 
centrated by adding ammonium sulfate to 70% saturation and 
dialyzing the precipitate against 0.001 m sodium acetate-acetic 
acid of pH 5.0. 

Carborymethyl Cellulose—Preparations of this exchanger, con- 
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taining 0.5 to 0.7 milliequivalent of titratable carboxyl groups pe 
g, were obtained with the procedure of Peterson and Sober (5) 
with Whatman standard grade cellulose powder. The column 
was equilibrated with 0.001 m sodium acetate-acetic acid of pH 
5.0, and after addition of the sample in a small volume, develop- 
ment was performed by gradient elution with a solution whose 
concentration approached a final value of 0.05 m in sodium ion; 
alternatively, 0.02 m sodium acetate-acetic acid buffer was used 
as the developing solvent. Pooled fractions were concentrated 
by adding ammonium sulfate to 70% saturation. All procedures 
were performed at 0-5°, except for the crystallization which was 
done at room temperature. 

Analytical Procedures—N itrogen was determined by the method 
of Johnson (6) to establish the protein content of purified cyto- 
chromes and to provide a basis for calculating their percentage 
iron; protein was assumed (2) to equal total nitrogen x 6.25. 
To determine the approximate concentration of protein in frac- 
tions eluted from columns, aliquots were analyzed with the Lowry 
modification of the Folin phenol reagent (7) or by measurement 
of absorption at 270 to 280 my in a Beckman DU spectrophotom- 
eter. The anthrone reagent of Morris (8) served for the determi- 
nation of carbohydrate with glucose as a standard. Analysis for 
total iron was performed on cytochrome samples dialyzed for 48 
hours against glass distilled water, with a method essentially as 
described by Dr. Helmut Beinert. This involved a digestion of 
the cytochrome with sulfuric acid and hydrogen peroxide, ad- 
justment of the pH with acetate buffer previously freed from 
iron with “bathophenanthroline,” addition of 4 ,7-dipheny1-1 , 10- 
phenanthroline (“bathophenanthroline’’), and extraction of the 
colored complex with isoamyl alcohol for colorimetric analysis. 
Cytochrome concentrations were determined by measuring ab- 
sorption of the reduced form at 550 to 555 my, with a millimolar 
extinction coefficient of 23.8 (2). Spectra were measured with a 
Cary model 11 recording spectrophotometer. A Hartridge re- 
version spectroscope served for the estimation of approximate 
locations of absorption bands. 

Electrophoresis and Sedimentation—The Spinco model H elec- 
trophoresis apparatus with schlieren optics was used for moving 
boundary experiments. Solutions were dialyzed for 24 hours 
before analysis. The schlieren patterns were photographed on 
Kodak Royal Pan Film with a Corning 2418 filter in front of the 
light source. Mobilities were calculated from descending bound- 
aries as described by Alberty (9). Sedimentation studies were 
performed with a Spinco model E ultracentrifuge with schlieren 
optics. Exposures of 60 seconds on Kodak spectroscopic plates 
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with a Corning 2418 filter were found suitable. Lyophilized 
samples were dissolved in the buffer, and samples in solution 
were dialyzed against the buffer for 24 hours before analysis. 


RESULTS 


Purification——Calcium phosphate gel has a low affinity for cyto- 
chromes ¢, and ¢s, and this property was used to advantage for 
the removal of protein impurities as shown in Fig. 1. Columns 
adsorbed variable amounts of eytochromes, but the bulk of the 
pigments passed through in three column volumes. The small 
amount of adsorbed cytochromes (these can be eluted at higher 
ionic strengths) probably consisted of complexes with other pro- 
teins, since these fractions contained higher amounts of total 
protein relative to the quantity of cytochrome present. An ex- 
amination of the material from the main peak showed that the 
ratio of absorption at 270 my to absorption at 550 my was higher 
for the fractions from the trailing edge than for the fractions 
from the leading edge. This suggests that protein-protein dis- 
placement occurred; such displacement would give a somewhat 
better purification than could be expected from a batchwise ad- 
sorption and elution. 

-assage through a column of carboxymethyl cellulose separated 
the crude cytochrome solution obtained from the calcium phos- 
phate gel column into a number of red bands. Over 90% of the 
total pigment was recovered in two major fractions. Fig. 2 rep- 
resents a typical column. The sample was added to the column 
in acetate buffer of pH 5.0 (0.001 m in sodium ion) and formed a 
narrow dark red band at the top. The column was developed 
with a gradient of sodium ion; to a constant volume mixing cham- 
ber containing 100 ml of 0.001 m buffer was added 0.01 m buffer 
from a reservoir. The solution in the reservoir was changed to 
0.05 Mm at Fraction 18 and 0.25 m at Fraction 73. Material from 
the fastest moving band (Peak I) was opalescent and yellow, and 
it gave a strongly positive test for carbohydrate with anthrone. 
It had a surprisingly high iron content, although spectral analy- 
sis indicated no cytochrome bands. Data for the various frac- 
tions are given in Table I. The two major fractions (Peaks IT 
and V) had the spectral properties of cytochromes cs and ¢,4, re- 


_ spectively, and the physical studies reported in this paper were 


done with these samples. Rechromatography of these samples 
on separate columns yielded a single peak in each case, demon- 
strating that the multiple bands separated from the crude extract 
by columns of carboxymethyl! cellulose could not be attributed 
to compounds arising from the main constituents by alteration on 
the column. 

(Cytochrome cs purified in the above fashion crystallized readily 
from solution, when solid ammonium sulfate was added slowly 
until a slight turbidity was reached. The pH was maintained 
close to 7 by the continual addition of concentrated ammonium 
hydroxide. Crystals, in the form of thin pink needles, were ob- 
tained from solutions of cytochrome ¢, only once. Figs 3 and 4 
show the rosette ervstals of the oxidized form of evtochrome ¢; 
and the plate-like erystals of the reduced form, respectively. 

Properties of Isolated Pigments—Fig. 5 gives a spectrum of cyto- 
chrome ¢s. The spectrum of cy is not shown, as it is similar to 
that given in Tissiéres’ paper (2). The spectral properties of the 
two pigments are summarized in Table I. 

When the purified samples were subjected to moving boundary 
electrophoresis, the patterns shown in Fig. 6 were obtained. The 
evtochrome cy contained about 7% of a rapidly moving colorless 
impurity. The colored boundary split into two peaks for each 
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Fic. 1. Chromatography of crude cytochromes on a 1.6 em di- 
ameter 3 em high column of calcium phosphate gel at 25°. Flow 
rate was 8 ml per hour and the fraction size was 4 ml. Load on 
column, 9 mg of protein. Elution was performed with pH 6.8 
phosphate buffer increasing stepwise in concentration from 0.001 
M to 0.05 
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Fic. 2. Chromatography of cytochromes (purified with calcium 
phosphate gel) on a 44 X 1.9 em column of carboxymethy! cellulose 
at 5°. Flow rate was 20 ml per hour. Fraction size was 5 ml, 
except Fractions 12 to 16 which contained a total of 750 ml. Elu- 
tion was performed with a buffer gradient as described in the text. 
The optical density recorded at 550 my should not be interpreted 
in absolute terms, for samples were measured in 18 mm diameter 
test tubes in a colorimeter, and the compounds were not reduced 
with Na.S.O, before measurement. Protein was measured by the 
Lowry method (7) with cytochrome ¢ (Sigma Chemical Company) 
as a standard. 


pigment. The measured mobilities are given in Table IIL. The 
splitting of the boundary does not indicate that each preparation 
is a mixture of cytochromes c, and cs, for samples removed from 
both the ascending and descending limbs of the electrophoresis 
cell had absorption peaks which were in identical positions in the 
visible region after reduction with NaS.O, 

Studies of sedimentation velocity in 0.1 ionic strength buffer 
of pH 5.0 revealed a single sedimenting boundary for each pig- 
ment. Sedimentation coefficients (corrected to water and 20°) 
of 2.48 and 1.348 were obtained for cytochromes c, and ¢,, re- 
spectively. The value of 2.4 5 was independent of the concen- 
tration of cytochrome c, between the limits tested (0.26 to 1.1%). 
Cytochrome cs was tested at a single concentration of 0.51%. 


| 
| 
oH 
»p- 
on; 
res 
‘as 
08 | | 
ge 
25. 0.4 | | 
ac- 
nt 
i- 
or 
as 
of 
ud- 
om 
10- 
he 
is. 
lar 
a 
re- 
te 
*C- 
ng | 
rs 
on 
he 
d- 
re 
Pn 


5288 


Tasie 
Properties of fractions obtained by chromatography of extracts 
from Azotobacter vinelandii on carborymethyl cellulose 


Optical density (270 mp) 


reek iron a-Band Optical density (a-band) 
I 1.55 none 
II (¢;) 0.48 554-555 my O.SS 
III 0.33 554-555 my 
IV 0.11 
V (es) 0.50 «650-551 mp 0.79 
Vi (). 24 553-554 my 1.82 


By 


Fic. 3. (top) Crystalline oxidized eytochrome c, 
hic. 4. (bottom) Crystalline reduced evtochrome c, 


Several attempts were made to determine the molecular weight of 
crystalline cytochrome cs by sedimentation equilibrium measure- 
ments in 0.1 ionic strength acetate buffer of pH 5.0. Studies 
made with protein concentrations of 0.26 to 0.75% and centri- 
fuge speeds of 12,590 and 20,410 r.p.m. yielded schlieren patterns 
which indicated the presence of aggregated material. The re- 
fractive index gradient was very steep at the bottom of the cen- 
trifuge cell and very shallow in the middle and near the air- 
liquid interface at the top. The very broad boundary observed 
in the sedimentation velocity run indicates the presence of sev- 
eral molecular species. Representative patterns are shown in 


Fig. 7. 
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hia. 5. Speetrum of erystalline eytochrome 
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Spectral properties of cytochromes c, and isolated by 
chromatography on carborymethyl cellulose 


554 555 my 


a-Band (reduced) 550 551 my 


8-Band (reduced) 522 my 524 my 
>-Band (oxidized). 409 my 414 my 
7-Band (reduced) 414 my 41S my 
6-Band (reduced) 314 my SIS my 
Ratio (5 /a) (reduced) 6.5 6.0 
Ratio (a/8) (reduced) 1.4 
Ratio (a@/270 my) 1.27 1.19 
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Electrophoretic mobilities of purified cytochromes cy and c, 
Mobility 


Fast component Slow component 


cm? volt! sec. 
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Cytochrome ¢, 
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Ascendi Descending 
Fic. 6. Electrophoresis of eytochromes ¢, and ¢, in tris(hy- 


droxymethyl)aminomethane acetate buffer, pH 8.6, ionie 
strength. 
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DISCUSSION 


The use of chromatography on columns of carboxymethy1 cellu- 
lose in place of paper electrophoresis for the separation and purifi- 
cation of cytochromes cy and ¢; has vielded a preparation of ¢, 
which is purer both on the basis of spectral properties (lower ratio 
of optical density at 270 my to the optical density at 550 to 551 
nw) and iron content than that described by Tissiéres (2). A 
major advantage of this modification has been the relatively large 
amount of material which can be fractionated at one time. 

The large number of eytochrome components obtained from 
the column is a reflection of the high resolving power of carboxy- 
methyl cellulose. Since the extensive adoption of chromato- 
graphic methods for protein fractionation, it has become evident 
that many enzyme preparations can be separated into a number 
of enzymatically indistinguishable components whose only ob- 
vious difference hes in their chromatographic behavior. Nozaki 
etal. (10) have demonstrated that during isolation of yeast cyto- 
chrome ¢, several chromatographic species appear during extrac- 
tion with a variety of mild reagents. The small amounts of the 
minor components obtained with the azotobacter cytochromes 
have hindered any extensive studies of their properties. 

The presence of variable amounts of carbohydrate gum in a 
number of batches of harvested cells presented a difficulty in this 
work. The gum seriously interfered with some of the fractiona- 
tion procedures and prevented adsorption of the evtochromes to 
carboxymethyl cellulose. Preliminary results indicate that most 
of this gum ean be removed from cytochrome solutions by adsorb- 
ing it on diethyvlaminoethyl cellulose. 

The two major components which have been isolated cor- 
respond closely in spectroscopic properties to the evtochromes ¢, 
and ¢s described by Tissiéres (2). The slight differences in the 
positions of the absorption maxima of our preparations and those 
of ‘Tissiéres are not fully understood, but they may refleet dif- 
ferences in calibration or experimental technique of measurement. 
The properties of eytochrome ¢; are altered in some fashion dur- 
ing chromatographic purification, or an impurity accompanies the 
fraction, for if cytochrome c, from a column of carboxymethyl 
cellulose is precipitated with ammonium sulfate, a part of it be- 
comes insoluble in distilled water or phosphate buffer. The ma- 
terial from the column is enzymatically active (the eytochrome ¢ 
reductase system in the electron-transport particle preparation 
of Bruemmer et al. (11) was used with succinate as substrate to 
measure enzymatic activity) before ammonium sulfate precipita- 
tion, and it does not react with carbon monoxide as determined 
from spectrophotometric analysis; hence, the pigment is not de- 
natured extensively by the chromatographic procedure. How- 
ever, the insoluble fraction carries cytochrome ¢;, because its 
sharp a-band is visible ina suspension of the precipitate observed 
with a microspectroscope. It may be that the pigment becomes 
associated with an insoluble impurity. 

(Cytochrome ¢;, on the other hand, remains completely and 
readily soluble after repeated erystallizations from ammonium 
sulfate. If the crystals of the reduced form stand at room tem- 
perature over a period of weeks, oxidation gradually occurs, and 
the pigment becomes modified as evidenced by an increase in 
absorption in the ultraviolet region relative to that in the region 
of 550 mu. According to Hagihara et al. (12), mammalian cyto- 
chrome ¢ is more stable in the reduced form, and probably the 
same is true for the bacterial pigment. 


N. P. Neumann and R. H. Burris 


Fig. 7. Ultracentrifuge pattern for evtochromes and A 
and evtochrome centrifuged for 9 and 73 minutes. Ay and 
By, evtochrome c, centrifuged for 9 and 73 minutes. Samples 
were dialyzed for 24 hours against a solution containing O.1 
KCI, 0.01 M potassium acetate, and acetic acid to bring the pH 
to 5.0. Protein concentration, 0.58% in A and 0.51% in B. Cen- 
trifuge speed, 59,780 r.p.m. 


The anomalous electrophoretic behavior of the purified pig- 
ments may indicate the presence of so ealled “modified” forms 
similar to those which have been obtained chromatographically 
on Amberlite [IRC-50 from mammalian cytochrome ¢ prepara- 
tions (13). On the other hand, it may simply reflect a difference 
in mobilities of the oxidized and reduced forms. 

On the basis of iron contents (Table 1), the minimum molecular 
weights of cytochromes and are 11,200 and 11,600, respec- 
tively. Apparently, evtochrome ¢; undergoes molecular associa- 
tion at pH 5, whereas ¢, does not. These differences indicate the 
need for obtaining accurate molecular weights based upon physi- 
‘al data. 

It has been tempting to emphasize the spectroscopic similari- 
ties between these bacterial pigments and the two mammalian 
cytochromes, ¢ aud ¢, for there may be «a parallel in the funetions 
which they perform. The molecular constitutions of the bac- 
terial cytochromes and eytochrome ¢ and may, however, be 
quite different. 


SUMMARY 


1. A modified procedure, employing chromatography on car- 
boxymethy! cellulose, has been described for the isolation of eyto- 
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chromes cy and ¢,; from the nitrogen-fixing microorganism, .120- 
tobacter vinelandii. 

2. Cytochromes cy and cs; have been obtained in crystalline 
form. 

3. The purest preparations of cytochromes c, and c; contained 
0.50 and 0.48% iron, respectively. Calculated molecular weights 
on the basis of 1 atom of iron per molecule are 11,200 and 11,600, 
respectively. 

4. Kach cytochrome gives a single moving boundary during 
sedimentation. The broad boundary for ¢; indicated the pres- 
ence of aggregates. 

5. Electrophoretic experiments demonstrated the presence of 
about 7% impurity in cytochrome c, prepared by the method 
deseribed. The main colored boundary for each pigment splits 
into two peaks during electrophoresis; the significance of this is 
discussed. 
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The oxidation of tyrosine-containing compounds by tyrosinase 
has been studied bySizer (1). Various proteins, protein hydroly- 
sates, and synthetic derivatives of tyrosine were examined and 
it was shown that the oxidation products exhibited increased 
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Fia. la. Oxidation of L-tyrosyiglycine by mushroom tyrosin- 
ase. Experimental conditions as described in text. Spectra 
taken at 0, 1, 10, and 60 minutes after addition of enzyme. 


general absorption throughout the ultraviolet and visible regions 
of the spectrum. Pronounced decreases in the ratios of maxi- 
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mum to minimum absorption and shoulders at 325 my were also 
observed. 

In the present study a number of tyrosine peptides of high 
purity have been oxidized in the presence of purified mushroom 
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Fig. 1b. Oxidation of dihydroxyphenylalanine by tyrosinase. 
Spectra taken at 0, 1, 20, and 60 minutes after addition of enzyme. 


tyrosinase. Three clear-cut types of spectral changes were seen: 
a dopachrome pattern, a dopa-quinone pattern, and a protein 
pattern. 


EXPERIMENTAL 


Materials—Glycyl-t-tyrosine, t-leucyl-t-tyrosine, and p- 
leucyl-L-tyrosine were purchased from the Nutritional Bio- 
chemical Corporation. .-Tyrosylglycine, 
glycyl-L-leucyl-L-tyrosine, and glycyl-L-glutamyl-L-tyrosine were 
generous gifts from Dr. J.S. Fruton. N-Acetyl-t-tyrosylglycine, 
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and N-acetyl-L-glutamyl-L-tyrosine were gifts of Dr. Lillian 
Baker. Glycyl-L-tyrosine ethyl ester was donated by Dr. 
Gordon Kilgour. .-Tyrosyl-t-lysine was prepared from N- 
carbobenzoxy-L-tyrosyl-L-lysine benzyl! ester by catalytic hydro- 
genation with palladized charcoal. w-Tyrosyl-t-leucine was 
prepared from N-carbobenzoxy-O-acetyl-L-tyrosy]-L-leucine ben- 
zyl ester by hydrogenation followed by treatment with aqueous 
alkali to remove the acetyl group. The latter two starting 
materials were gifts of Dr. J. Watson of Courtaulds Ltd. Hyper- 
tensin I was a gift from Dr. L. C. Skeggs and contained 1400 
units per mg of nitrogen. Oxytocin and vasopressin were 
commercial preparations which were obtained from Parke, Davis 
and Company or syntocin preparations which were gifts of 
Sandoz and Company. 

Tyrosinase was prepared from the commercial mushroom with 
the procedure of Keilin and Mann (2). The preparation was 
carried through the first calcium-phosphate gel treatment and 
contained 550 catecholase and 8 p-cresolase units per mg of 
protein. 

Methods—The spectra of the reaction mixtures were recorded 
in a Cary spectrometer, model 14. In each case, the reaction 
volume was 3.0 ml and consisted of 0.1 to 0.2 umole of substrate, 


except substrate. The scanning rate was 50 A per second in 
each experiment. 


RESULTS 


Oxidation of N-Terminal Tyrosine Di- and Tripeptides—The 
following N-terminal tyrosine peptides were studied: L-tyrosyl- 
glycine, L-tyrosyl-L-leucine, and L-tyrosylglycylglycine. Fig. la 
shows the spectral changes observed when L-tyrosylglycine was 
used as substrate. One minute after the addition of enzyme, 
an intermediate was observed which displayed absorption 
maxima at 305 my and 480 mu (cf. 10). At 10 minutes, the peak 
at 480 my declined and there was a shift of the maximum towards 
higher wave lengths. At 60 minutes, the peak at 480 my had 
disappeared and the maximum at the lower wave length had 
shifted to 325 mu. The reaction spectra of the other N-term- 
inal tyrosine peptides are not shown because they were iden- 
tical to that observed with tyrosylglycine. For comparative 
purposes, Fig. 1b displays the results obtained when dihydroxy- 
phenylalanine is the substrate. The intermediate with max- 

ima at 305 my and 480 mu is known to be dopachrome (3). 
Oxidation of C-Terminal Tyrosine Di- and Tripeptides—t- 
Leucyl-L-tyrosine, 


p-leucyl-L-tyrosine, glycyl-L-tyrosine, N- 
260 umoles of phosphate buffer, pH 6.8, 0.2 ml of tyrosinase acetyl-L-tyrosyl-t-tyrosine, 
(55 catecholase units), and water. The reaction cuvette was and pt-a-bromopropionyl-L-tyrosine were tested as substrates, 
thermostatted at 25°. The controls contained all components Fig. 2a shows the results when L-glutamyl-L-tyrosine was used 
ih 
0.8} 
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! CATECHOL 
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Fig. 2a. Oxidation of tL-glutamyl-L-tyrosine by mushroom 


tyrosinase. Spectra taken at 0, 1, 10, and 60 minutes after addi- 
tion of enzyme. 


Wave length (my) 


Fig. 2b. Oxidation of catechol by tyrosinase. Spectra taken at 
0, 5, 15, and 60 minutes after addition of enzyme. 
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as a substrate. At 1 minute, an intermediate with a maximum 
at 390 mu was detected. At 10 minutes, the 390 my maximum 
was not as clearly defined and the maximum at 275 my had 
shifted to about 280 mu. In 60 minutes, a very slight shoulder 
was observed at approximately 460 mu. The spectra of the other 
C-terminal tyrosine peptides are not shown since they were 
similar to those observed with glutamyl-L-tyrosine. Fig. 2b 
shows the results when catechol was used as substrate. In the 
5-minute spectrum, an intermediate with a maximum at 390 
my was observed which was identical to that observed with the 
C-terminal peptides. This peak is an absorption band of o- 
benzoquinone (4). 

Oxidation of Tyrosine Di- and Tripeptides in Which a-Amino 
Group and Carboryl Group of Tyrosine Are Substituted—The 
following peptides in this category were tested: N-acetyl-.- 
tyrosylglycine, N-acetyl-L-tyrosyl-L-glutamic acid, and glycyl- 
L-tyrosine ethyl ester, to see if substitution of the carboxyl would 
result in the formation of new intermediates. However, the 
spectroscopically detectable intermediates were the same as 
those observed with the C-terminal tyrosine peptides. 

Oxidation of Tyrosine Residues in Hormones and Proteins— 
Fig. 3 shows the results obtained with the substrate, hyper- 
tensin I. The only detectable peaks are the maximum at 285 
my and the shoulder at 350 my in the 20-hour spectrum. In- 
cluded in the figure is the amino acid sequence which was pro- 
posed by Skeggs et al. (5). Fig. 4 illustrates the spectral se- 
quence when 8-adrenocorticotropic hormone was the substrate; 
a slight shoulder was observed at about 350 my in the final 
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Fic. 3. Oxidation of hypertensin I by tyrosinase. Spectra 


taken at 0, 30, 60, 120, and 1200 minutes after addition of enzyme. 
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B-CORTICOTROPIN 
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Fic. 4. Oxidation of B-adrenocorticotropic hormone by tyro- 
sinase. Spectra taken at 0, 1, 5, 30, and 2700 minutes after addi- 
tion of enzyme. 


product. The amino acid sequence as discovered by Shepherd 
et al. (6), is illustrated in the upper part of the figure. The 
maximum at 350 mu was found to be accentuated when a- 
lactalbumin was oxidized, as shown in Fig. 5. With this group 


- of compounds, the o-benzoquinoid intermediate absorbing at 


390 mu could not be detected. 

Nature of Final Product—The peptides were oxidized without 
hydrolysis since no amino acids could be detected when the reac- 
tion mixtures were absorbed on Dowex 50, washed, eluted with 
5 mM NH,OH, and chromatographed. In contrast to the products 
of tyrosine oxidation, these products were water soluble. The 
oxidation products of the tyrosine di- and tripeptides were 
probably polymeric in nature since they were largely nondialyza- 
ble, and insoluble in ethyl acetate and ether. They were 
bleached to some extent by sodium borohydride and sodium 
hydrosulfite, indicating partial reducibility. 


DISCUSSION 


The sequences of amino acids which were found in this study 
to be oxidized by tyrosinase are summarized in Table I. All of 
the peptides with a molecular weight up to approximately 4,600 
were oxidized. Insulin, which has a molecular weight of 6,000, 
was relatively inert to tyrosinase-catalyzed oxidation, in agree- 
ment with the results of Haas et al. (7). 

The results of this spectrophotometric study make it possible 
to classify the oxidation mechanisms of tyrosine derivatives into 
three basic types: the dopachrome pattern, characteristic of N- 
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Fic. 5. Oxidation of a-lactalbumin by tyrosinase. Spectra 
taken at 0, 1, 3, and 20 hours after the addition of enzyme. 


TaBLeE I 


Tyrosine sequences which are oxidized by tyrosinase 


N-Terminal Internal C-Terminal 
L-Tyrosyl- | N-Acetyl-L-tyrosylglycine L-Leucyl-L-tyrosine 
glycine 
L-Tyrosyl- | N-Acetyl-L-tyrosyl-L-tyro- | p-Leucyl-L-tyrosine 
L-leucine sine 
Lu-Tyrosyl- | -L-Valyl-L-tyrosyl-L-isoleu- | Glycyl-L-tyrosine 
L-lysine cine- 
L-Tyrosyl- | -L-Aspartyl-L-tyrosyl-.- L-Glutamyl-.L-tyro- 
glycyl- serine- sine 
glycine 
-L-Lysyl-L-tyrosyl-L-leucine | Glycyl-.-leucyl-t- 
tyrosine 
L-Seryl-L-tyrosyl-L-serine- | Glycyl-L-glutamy]l- 
L-tyrosine 


-L-Valyl-L-tyrosyl-L-pro- N-Acetyl-L-phenyl- 


line- alanyl-L-tyrosine 
-L-Phenylalanyl-L-tyrosyl- | a-Chloroacetyl-t- 

L-cysteine- tyrosine 
N-Acetylglycyl-L-tyrosine DL-a-Bromopro- 

ethyl ester pionyl-L-tyrosine 
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terminal tyrosine peptides, the dopa-quinone pattern shown by 
small C-terminal tyrosine peptides and tyrosine derivatives in 
which both the amino and carboxyl] groups are substituted, and 
the protein pattern exhibited by peptides of higher molecular 
weight in which tyrosine is located within the peptide chain. 

’ The dopachrome pattern is characterized by the formation of 
an intermediate oxidation product with absorption maxima at 
305 my and 480 my in the initial stages of the reaction. This 
absorption spectrum is exhibited by compounds of the amino- 
chrome class (8, 9), especially by dopachrome itself. Since the 
N-terminal tyrosine peptides which exhibited this pattern have 
an unsubstituted amino group free to condense with the o- 
quinonoid product of tyrosinase action, it is likely that the 
course of the reaction is that depicted in Fig. 6. The final oxida- 
tion product shows a maximum at 325 mu. This is very similar 
to the maximum at 319 my exhibited by derivatives of 2-carboxy- 
5 ,6-dihydroxyindole (3), which is an intermediate in the enzymic 
oxidation of 3,4-dihydroxyphenylalanine under conditions in 
which decarboxylation does not take place. Compounds which 
show the dopachrome pattern upon oxidation have blocked 
carboxyl groups and cannot undergo decarboxylation. It is 
accordingly probable that the development of the 325 my absorp- 
tion band is due to the accumulation of a derivative of 2-carboxy- 
5,6-dihydroxyindole, as shown in Fig. 6. 

The dopa quinone pattern is characterized by the formation 
of an intermediate oxidation product with an absorption maxi- 
mum at 390 my in the early stage of oxidation. o-Benzoquinone 
itself exhibits an absorption maximum at this wave length (4), 
and it therefore appears reasonable that C-terminal tyrosine 
peptides and other derivatives which exhibit this initial absorp- 
tion band, do so because the o-quinonoid derivative first formed 
in the presence of the enzyme does not condense with the substi- 
tuted amino group. Under these conditions the derivative of 
dopa-quinone is stabilized and its spectrum becomes observable 
(Fig. 7). Upon further oxidation the o-quinonoid spectrum 
disappears and a slight shoulder is observed at about 473 mu. 
The final product shows no clear-cut maximum but gives evidence 
of some scattering throughout the spectrum. 

The protein pattern of oxidation, which is observed with 
polypeptide in which tyrosinase is located within the chain, may 
be variable, depending upon the particular substrate. However, 
with hypertensin I, 8-adrenocorticotropic hormone, and a- 
lactalbumin, the final oxidation products exhibited a maximum 
at 350 mu. No dopa-quinone absorption at 390 my could be 
detected with this class of compounds, due, presumably, to the 
fact that the o-quinone was initially formed more slowly than it 
subsequently reacted. In the case of a-lactalbumin, it has 
been demonstrated that intermolecular polymerization does not 
occur (10). 

It is clear that the dopachrome and dopa-quinone patterns 
of oxidation may be used to distinguish between N-terminal 
and C-terminal tyrosine peptides in amounts of the order of 100 
myumoles. 


SUMMARY 


1. The oxidation of a variety of N-terminal, C-terminal, and 
internal tyrosine peptides in the presence of tyrosinase has been 
studied spectrophotometrically. 

2. The spectroscopic patterns of these oxidations fall into 
three types: a dopachrome sequence, a dopa-quinone sequence, 
and a protein sequence. 
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Fig. 6. The development of the dopachrome pattern of N-terminal tyrosine peptide oxidation by tyrosinase. 
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Fic. 7. The development of the dopa-quinone pattern of tyrosine peptide oxidation by tyrosinase. 
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A great deal of the current interest in the connective tissues 
has been focused on the extracellular components of these tissues, 
particularly collagen and the mucopolysaccharides. Alterations 
in the amounts and in the physical and chemical properties of 
these extracellular components have been implicated as con- 
tributing factors in many abnormal and diseased states such as 
rheumatoid arthritis, atherosclerosis, silicosis, the “collagen 
diseases,” and aging. Changes in the amounts and properties of 
the extracellular substances are, in turn, ascribed to abnormalities 
in the metabolic processes of the connective tissue cells. At- 
tempts to elucidate the nature of these abnormalities have been 
hindered by a lack of understanding of the normal metabolic 
processes of connective tissue. The chief barriers to such know]l- 
edge have been the low metabolic activities of most connective 
tissues and the difficulties in obtaining sizeable reproducible 
samples of relatively pure connective tissue amenable to study 
in vitro. 

Recently, Boucek and Noble (2) have described a technique 
for stimulating the formation of new connective tissue by the 
subcutaneous implantation of polyvinyl alcohol sponge. This 
technique permits the simple and reproducible sampling of large 
amounts of connective tissue in a relatively pure state, as judged 
by histological examination (2). In the present study homog- 
enates of such material have been quantitatively assayed for a 
variety of enzymes. The results indicate that this connective 
tissue possesses a wide range of enzymatic activities including 
representatives of the three major pathways of carbohydrate 
metabolism, a variety of esterases, and a unique pattern of 
proteolytic enzymes characteristic of all the other types of con- 
nective tissue thus far examined. 


EXPERIMENTAL 


Materials and Methods 


Connective Tissue Samples—Three 100-mg squares of polyviny] 
alcohol (Ivalon) sponge were implanted subcutaneously in the 
dorsal region of female Sprague-Dawley rats weighing 245 + 40 
g (2). The rats were maintained on Purina laboratory chow. 
After 24 to 27 days of development, the sponges were removed 
and freed from capsular tissue adhering to the surface. The 
three sponges were pooled, minced, and homogenized in 20 ml of 
ice-cold NaCl (0.9%) in the Virtis Homogenizer. The homog- 
enate was filtered through gauze to remove sponge fragments 
and centrifuged for 15 minutes at 600 x g. An aliquot of the 


* A preliminary notice of this investigation has previously been 
published (1). 


supernatant solution was further centrifuged for 30 minutes at 
55,000 X g. 

Determinations—Spectrophotometric measurements in the vis- 
ible region of the spectrum were made with the Beckman model 
B spectrophotometer. Measurements in the ultraviolet region 
were performed with the Beckman model DU or DK-2 spec- 
trophotometers. Nitrogen was estimated by the Conway mi- 
crodiffusion method (3) after Kjeldahl] digestion. 

Enzyme Assays—The activity of each enzyme was determined 
with an average of eight preparations from the tissues of as many 
rats. In each assay system the conditions were such that the 
rate of reaction followed zero order kinetic expressions and the 
units of enzyme activity were directly proportional to the amount 
of enzyme added. This was assured by assaying each prepara- 
tion at two different concentrations. In the case of the pro- 
teinase and phenolsulfatase it was necessary to construct a 
calibration curve to correct for deviations from linearity at higher 
enzyme levels. Glycylleucine dipeptidase, imidodipeptidase, and 
catalase followed first order kinetic expressions. 

A unit of enzyme is defined as the amount of enzyme which 
catalyzes the conversion of 1 umole of substrate per hour. Since 
there was a great amount of extracellular protein, including 
extravasated serum proteins, diluting the intracellular enzyme 
proteins of the homogenates, it was found that more consistent 
and meaningful results were obtained by relating the enzyme 
activities to the initial dry weight of the sponge before implanta- 
tion, rather than to the protein concentrations. Therefore, the 
enzyme activities are expressed as units of enzyme per gram of 
sponge implanted. In the case of glycylleucine dipeptidase, 
imidodipeptidase, and catalase the first order rate constant, K, 
was measured in decimal logarithms and minutes. Enzyme ac- 
tivity for these enzymes is expressed as (K X final dilution of 
enzyme in the assay system X ml of enzyme per gram implanted 
sponge). 

The temperature, method of enzyme preparation, and sub- 
strate concentration for each assay are given in Table I. 

The liberation of p-nitrophenol from p-nitrophenylphosphate 
was used as a measure of the activities of acid (pH 4.8) and 
alkaline (pH 10.4) phosphatases (4, 5). The molecular extinc- 
tion coefficient of p-nitrophenol in alkali at 410 my was taken as 
16.4 10. 

Aldolase was determined by the method of Sobel et al. (6) in 
which the product of the reaction, dihydroxyacetone phosphate, 
is caused to oxidize DPNH by the addition of catalytic amounts 
of a-glycerophosphate dehydrogenase. The molecular extinction 
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TaBLeE 
Enzyme activities of connective tissue from sponges implanted in female rats for 24 to 27 days 
Enzyme Temperature Enzyme activity 
ie mM umoles/hr./g sponge 
A. Carbohydrate metabolism 
3 23 1.0 1,990 + 389 (6) 
Lactic dehydrogenase......................... 3 23 0.33 8,880 + 4,960 (11) 
Condensing enzyme........................... 3 23 0.07 378 + 93 (5) 
Succinic dehydrogenase....................... 1 38 20 586 + 167 (6) 
Malic dehydrogenase.......................... 3 23 0.25 10,600 + 2,600 (11) 
Glucose 6-phosphate dehydrogenase........... 2 23 0.66 790 + 198 = (6) 
6-Phosphogluconic dehydrogenase............. 2 23 0.66 506 + 59 (6) 
B. Proteolytic enzymes 
2 37 50 401 + 59 (5) 
Leucine aminopeptidase....................... 2 37 50 4,010 + 340 (6) 
Glyeylglycine dipeptidase..................... 2 37 | 50 16,000 + 2,120 (5) 
Glycylleucyl dipeptidase...................... 2 37 50 5.3° + 2.4 (6) 
. 3 37 2.3 11.8° + 3.6 (11) 
3 37 2.3 33.7 + 7.7 (9) 
C. Esterases 
Alkaline phosphatase......................... 2 37 6.33 182 + 62 (11) 
Nitrocatechol 3 37 6.0 48.8 24+9.3 (6) 
D. Other enzymes 
3 23 1.0 212 + 43 (11) 
Cytochrome c reductase....................-.. 2 23 0.018 109 + 55 (11) 
Glutamic oxalacetic transaminase............. 3 23 6.6 3,560 + 870 (11) 
Glutamic semialdehyde reductase............. 2 23 1.0 200 + = (6) 


¢ Preparation 1 is the sponge-implant tissue homogenate filtered through gauze. Preparation 2 is the supernatant remaining after 
Preparation 1 has been centrifuged for 15 minutes at 600 X g. Preparation 3 is the supernatant remaining after Preparation 2 has been 
centrifuged for 30 minutes at 55,000 X g. 

+ In cases involving two substrates only the lower concentration is given. 


¢ Standard deviation — 


4 Number of tissue specimens is given in parenthesis. 
¢ These reactions followed first order rate expressions; activity is expressed as K X enzyme dilution K ml enzyme per g sponge im- 
plant. 


coefficient of DPNH (and TPNH) at 340 my was assumed to be amounts of whole blood present in the tissue. The hemoglobin 
6.22 « 10° (7). content of the sponge homogenates was determined by the 

Phenolsulfatase (arylsulfatase 1) was estimated by the method method of Flink (10) and a correction was applied based on the 
of Dodgson and Spencer (8) with p-nitrophenyl sulfate and average hemoglobin and catalase content of 10 samples of whole 
taking the molecular extinction coefficient of the liberated p- rat blood. In the determination of cathepsin C activity by its 
nitrophenol as 18.2 * 10° at 400 mu. Similar methods (8) were action on glycyl-1t-phenylalanine amide (11) aliquots were re- 
used for nitrocatechol sulfatase (arylsulfatase 2) withe = 11.2 X moved at intervals and assayed for liberated amide N by the 
10° for nitrocatechol at 515 mu. modified Conway method of Schwert et al. (12). This same 

The decrease in absorbancy at 240 my served as a measure of technique was employed in the case of leucine aminopeptidase 
ii,O. decomposition in the assay for catalase (9). The catalase acting on leucinamide, the assay conditions being those de- 
activity was found to be markedly influenced by the small scribed by Smith (13). The assays for condensing enzyme (14), 
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glucose 6-phosphate dehydrogenase (15), glutamic oxalacetic 
transaminase (16), lactic dehydrogenase (17), malic dehydro- 
genase (18), and 6-phosphogluconic dehydrogenase (19) were all 
conducted by standard methods based on changes in the ab- 
sorbancy of the pyridine nucleotides at 340 my. 

DPNH-cytochrome c reductase was assayed by a modification 
suitable for crude preparations (20). The value of € (reduced — 
oxidized) for cytochrome c was assumed to be 18.5 x 10° at 550 
my (21). 

The method of Sobel et al. (6) for enolase was modified by the 
addition of catalytic amounts of purified pyruvic kinase and 
lactic dehydrogenase. In this system phosphoglyceric acid was 
metabolized completely to lactic acid, resulting in the oxidation 
of DPNH which was measured spectrophotometrically at 340 


my. 

Phenolphthalein glucuronide served as substrate for 8-glu- 
curonidase (22); the incubation time was reduced to 30 minutes 
and ¢ was taken as 22.8 x 10 at540my. The method developed 
by Smith and Greenberg (23) was employed for assaying glutamic 
semialdehyde reductase. Glutamic semialdehyde was synthe- 
sized from y,y-dicarbethoxy-y-acetamidobutyraldehyde (24). 

Glycylglycine dipeptidase and glycylleucine dipeptidase were 
assayed by the procedures of Smith (25) based on titration of the 
liberated carboxyl groups. Imidodipeptidase and iminodipepti- 
dase were also measured in the assay system recommended by 
Smith (25) except that the substrate concentrations were reduced 
and the liberation of proline was followed by the colorimetric 
assay of Troll and Lindsley (26). 

Lipase activity against p-nitrophenol acetate was determined 
by the liberation of p-nitrophenol (27). Under the conditions 
of this assay, the molecular extinction coefficient of p-nitrophenol 
was 10.3 & 10° at 400 mu. Peroxidase caused the oxidation of 
2 ,6-dichlorobenzenone-indo-3’-chlorophenol with a resultant in- 
crease in absorbancy at 645 my (28), (« = 24.4 « 10°). Succinic 
dehydrogenase was assayed by the manometric method of 
Kearney and Singer (29) with phenazine methosulfate as sub- 
strate. Proteinase activity against hemoglobin (30) was de- 
termined with 1.2% hemoglobin in 0.05 m citrate-phosphate 
buffer, pH 3.2. Activity was based on the wmoles of tyrosine 
liberated. 


RESULTS AND DISCUSSION 


The results of the enzymatic assays of extracts prepared from 
the sponge-induced connective tissues are presented in Table I. 
Approximate comparisons of these enzymatic activities with 
those reported for other tissues may be made by use of the finding 
that 1 g of implanted sponge gives rise to 11.9 + 0.3 g wet weight 
of tissue containing 81 + 6 mg of nitrogen soluble after cen- 
trifugation for 30 minutes at 55,000 x g. 

Carbohydrate Metabolism—The three main pathways of carbo- 
hydrate metabolism all appear to be functioning in the sponge- 
implant connective tissue: anaerobic glycolysis (represented by 
aldolase, enolase, and lactic dehydrogenase); the tricarboxylic 
acid cycle (condensing enzyme, succinic dehydrogenase, and 
DPN-malic dehydrogenase); and the hexose monophosphate 
shunt (glucose 6-phosphate dehydrogenase and 6-phosphoglu- 
conic dehydrogenase). These pathways are represented by en- 
zymes whose activities are all of a similar magnitude, except for 
lactic and malic dehydrogenases. For purposes of comparison 
it is found that the sponge-implant tissue contains (on a wet 
weight basis) about 4 the amount of malic dehydrogenase, } the 
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amount of lactic dehydrogenase, and 4 the amount of condensing 
enzyme reported on a wet weight basis for pig heart tissue (31- 
33). The aldolase activity is only 4, that reported for rabbit 
skeletal muscle (34). In making these comparisons it must be 
borne in mind that the muscular tissues mentioned are among the 
most active sources known for these enzymes. Therefore, the 
sponge-implant tissue may be considered to be fairly active in 
its metabolism of carbohydrates. 

An active carbohydrate metabolism would be anticipated in 
this connective tissue in view of the importance of carbohydrates 
and mucopolysaccharides as components of the ground substance, 
The question naturally arises as to whether enzymes directly 
involved in the synthesis of mucopolysaccharides can be demon- 
strated. Preliminary attempts to demonstrate hexosamine syn- 
thesis from glucose 6-phosphate and glutamine (35) and glu- 
curonic acid formation from UDP-glucose (36) have not been 
successful. 

There is no appreciable phosphorylase activity of the type 
found in liver or muscle (37, 38) indicating that the importance 
ascribed to glycogen for connective tissue formation in embryo- 
genesis (39) probably does not apply to the sponge-implant tis- 
sue. The failure to detect a-glycerophosphate dehydrogenase 
activity by the method of Sobel et al. (6) was an unexpected 
result, since this enzyme had been reported to be active in 
cartilage (6). 

Proteolytic Enzymes—Table I shows the unique pattern of 
proteolytic enzymes in the sponge-implant tissue. Only two 
major proteinase activities were found: one, an activity of the 
cathepsin C type and the other, an activity against hemoglobin 
with an optimum pH between 3.0 and 3.8 (see Fig. 1). This 
latter enzyme has not been further purified or characterized, but 
it appears to be related to the rat lung proteinase active at pH 3 
to 4 described by Weiss (40) and further characterized as lung 
proteinase I by Dannenberg and Smith (41). 

No activity could be demonstrated against hemoglobin at pH 
values greater than 6.0 (Fig. 1). Nor was it possible to detect 
activities of the type usually ascribed to trypsin (benzoyl-L- 
arginine ethyl ester, pH 8) (42), chymotrypsin (N-acetyl-t- 
tyrosine ethyl ester, pH 8) (42), cathepsin A (carbobenzoxy- 
L-glutamyl-1-tyrosine, pH 5) (43), and cathepsin B (benzoyl-1- 
argininamide, pH 5) (12). Tissue homogenates were unable to 
liberate hydroxyproline-containing peptides from rat tail tendon 
collagen or orcein from elastin-orcein (44). 

The sponge-implant tissue contains an active leucine amino- 
peptidase, but no appreciable carboxypeptidase activity (carbo- 
benzoxyglycyl-1-phenylalanine, pH 7.5) (43). Aminotripepti- 
dase activity towards glycylglycylglycine was detected but was 
not determined quantitatively. The dipeptidases, glycylglycine 
dipeptidase, glycylleucine dipeptidase, and imidodipeptidase 
(prolidase), were all quite active. But there was only slight 
activity of the iminodipeptidase (prolinase) type, and no activity 
against carnosine at pH 8 (25). 

The glycylleucine dipeptidase appears to be related to the 
type found in uterine tissue as opposed to the type found in in- 
testinal tissue. Adding zinc ions to the crude homogenates gave 
an activity of 5.3 compared to an activity of 1.5 when manganese 
ions were added (cf. Smith, (25)). 

Imidodipeptidase possesses the ability to cleave the peptides 
glycyl-1-proline, and 1-prolylhydroxy-t-proline (45) whereas imi- 
nodipeptidase cleaves peptides such as hydroxy-t-prolylglycine 
and 1-prolylglycine (46). All of these peptide linkages are known 


Smee au ae 


( 

t 
e 

t 

r¢ 
th 
co 
pa 

T 

te 
th 
giv 
ap] 

in 
das 
me 
dre 
The 
ind 
(53 
this 
alse 

hy 
fou 
3 ide 
Lal 
A 
eng’ 


December 1959 


to exist in collagen (47). It is conceivable that the presence of 
these enzymes bears a relation to the high rate of collagen turn- 
over observed in the sponge-implant tissue (48). 

The sponge-implant tissue has a distinctive pattern of pro- 
teolytic activity which bears a close resemblance to the patterns 
previously found by Fruton in rabbit skin and lung (49) and by 
Dannenberg and Smith (41) in rat lung. Both groups of workers 
found leucine aminopeptidase, aminotripeptidase, imidodipepti- 
dase, and glycylglycine dipeptidase in the tissue investigated. 
Fruton also found glycylleucine dipeptidase, and failed to find 
any activity against the usual substrates for trypsin, pepsin, and 
carboxypeptidase. Dannenberg and Smith (41) found that the 
lung contained iminodipeptidase and the proteolytic activity 
against hemoglobin at pH 4 mentioned above. 

Esterases—The connective tissues exhibited hydrolytic ac- 
tivity towards a number of phosphate, sulfate, and acetate 
esters. The finding that the alkaline phosphatase activity of 
the soluble enzyme fraction is greatly exceeded by the acid phos- 
phatase activity is of interest in light of the recent observations 
suggesting that alkaline phosphatase does not play an important 
role in collagen synthesis (50). 

The hydrolysis of both p-nitrophenylsulfate and nitrocatechol 
sulfate points to the presence of two types of arylsulfatase 
designated types 1 and 2, respectively, by Dodgson (8). This 
was confirmed by experiments in which 20 umoles of KCN were 
added to the phenolsulfatase assay system and 15 umoles of 
phosphate to the nitrocatechol sulfatase system. In both in- 
stances inhibition exceeded 90%, indicating the presence of two 
distinct enzymes behaving as the type 1 and 2 arylsulfatases. 
The phenolsulfatase activity (type 1) of this tissue differs from 
that of the rat liver in its ability to dissociate from the micro- 
somes. The rat liver enzyme (sulfatase C) cannot be solubilized 
by homogenization in sucrose (51), but a considerable portion of 
the sponge-implant tissue activity is solubilized under the same 
conditions. 

Other Enzymes—In the case of 8-glucuronidase rough com- 
parisons can be made with the results reported for sponge-implant 
tissue from guinea pigs (52). The rat tissue contains about 8 
times as much #-glucuronidase as does the guinea pig tissue. 
These disparate findings emphasize the need for caution in at- 
tempting to extrapolate results from the tissues of one species to 
those of another. 

An indication of the functioning of respiratory processes is 
given by the activity of DPN-cytochrome c reductase. It also 
appears that the metabolism of peroxides is an important process 
in connective tissue judging by the levels of catalase and peroxi- 
dase. 

The amino acid of central importance in connective tissue 
metabolism is proline, which, together with its derivative hy- 
droxyproline, constitutes about 30% of the collagen molecule. 
The possible formation of proline from glutamic acid has been 
indicated by the work of Smith and Greenberg (23) and Strecker 
(53). Glutamic semialdehyde reductase would be required in 
this interconversion and glutamic oxalacetic transaminase might 
also make a contribution. The activity of glutamic semialde- 
hyde reductase in the sponge-implant tissue is about } the level 
found in rat liver (23), whereas the transaminase level is almost 
identical to that reported for human lung by Wréblewski and 
LaDue (54). 

Advantages of Sponge-Implant Tissues—The majority of the 
enzyme activities reported here have been demonstrated pre- 
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Fic. 1. The pH dependence of hemoglobin digestion by homog- 
enates of sponge-implant connective tissue. Enzyme activity 
is expressed in arbitrary units. The assay procedure is described 
under ‘‘Experimental.’’ 


viously in connective tissues such as bone, cartilage, and skin. 
However, the earlier studies have been chiefly histochemical and 
the more quantitative studies have often been ambiguous be- 
cause of the presence of contaminating tissues such as gland cells, 
hair follicles, and muscle tissue. These problems are largely 
overcome by the use of sponge-implant tissue for quantitative 
studies; fibroblasts and their by-products represent the chief 
components, although the tissue still contains some small blood 
vessels, various types of blood cells, and extravasated blood 
proteins. In addition to this relative freedom from nonconnec- 
tive tissue components, the sponge-implant tissue also offers the 
advantage of ease and uniformity of sampling and the possibility 
of repeated testing without killing the experimental animal. It 
is felt that the sponge-implant tissue gives a truer picture of the 
metabolic activities of connective tissue than would tissue cul- 
tures because of the tendency of cultured cells to undergo marked 
alterations in enzyme activities (55). 

The sponge-implant tissue has been employed in a quantitative 
study of the alterations in enzyme activities during the period of 
connective tissue development from the time of sponge implanta- 
tion to maturity. The results of this study will be the subject 
of a subsequent report. 


SUMMARY 


1. The levels of the activity of 26 different enzymes have been 
studied in connective tissue obtained from female rats by the 
sponge-implantation technique. 

2. Enzymes representative of the pathways of anaerobic gly- 
colysis, the tricarboxylic acid cycle, and the hexosemonophos- 
phate shunt are present and have activities of a similar magni- 
tude. 

3. The proteolytic enzymes present include glycylglycine 
dipeptidase, glycylleucine dipeptidase, imidodipeptidase, imino- 
dipeptidase, aminotripeptidase, leucine aminopeptidase, cathep- 
sin C, and a proteinase active toward hemoglobin with an op- 
timum activity in the pH range 3.0 to 3.8. This pattern of 
activities is quite similar to that found in rat skin and lung. 

4. The sponge implantation technique provides samples of 
actively metabolizing connective tissue suitable for a variety of 
metabolic studies. 
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The ability of the rabbit to metabolize naphthalene and chlorin- 
ated naphthalene was markedly influenced by the degree of 
halogenation of the compound according to Cornish and Block 
(2). Naphthalene is related structurally to biphenyl], in which 
a coaxial linkage connects two phenyl! molecules. Whether the 
presence of a chlorine atom in bipheny] also alters the metabolism 
of this compound as it does in the case of naphthalene has not 
been reported. Stroud (3) and West et al. (4) have studied the 
metabolism of unsubstituted biphenyl] respectively in rabbits and 
in rats. The present investigation is a comparative metabolic 
study of the urinary end-products of biphenyl and 4-chlorobi- 
phenyl in the rabbit. 


EXPERIMENTAL 


The compounds biphenyl!’ and 4-chlorobiphenyl! were recrys- 
tallized from alcohol until the melting points were constant, 
§9-70° and 76-77°, respectively. 

Six male albino rabbits (2 kg in weight), fed a diet of oats and 
cabbage, were used for each compound studied. Twenty-four- 
hour urine samples were collected for a 4-day period both before 
and after administration of either 1 g of biphenyl] or 1 g of 4-chlo- 
robiphenyl in corn oil given by stomach tube. Each animal 
served as his own control. 

The urine samples were analyzed for their content of the fol- 
lowing metabolites: glucosiduronic acids, phenolic compounds, 
ethereal sulfates, and mercapturic acids (neutral sulfur). Creati- 
nine content was also determined. 

Glucosiduronic acids were assayed by the procedure of Hanson 
etal. (5). Phenolic compounds were determined with the Folin- 
Ciocalteu reagent (6), with 4-hydroxybiphenyl as a standard. 
Sulfur partitions were done by the barium sulfate precipitation 
procedure of Folin (7). Creatinine content was determined by 
a photometric modification of Folin’s picric acid method (8). 

The amount of the metabolite excreted by each rabbit during 
the 4 days when neither bipheny] nor 4-chlorobipheny] was fed, 
was subtracted from the amount excreted during the 4 days after 
the compound was fed. The increment, which was presumed to 
be caused by feeding of the hydrocarbon, was calculated in terms 
of milligrams of either biphenyl or 4-chlorobipheny]. 

For studies in which several of the excretory products derived 
from biphenyl and 4-chlorobipheny]! were isolated from urine, 1 
g of compound was fed (6 rabbits fed each compound) and the 


* This work was supported in part by United States Publie 
Health Service Grant RG-4794. A preliminary report has been 
presented (1). 

‘Biphenyl was obtained from Eastman Organic Chemicals, 
Distillation Products Industries, Rochester, New York. 4- 
Chlorobiphenyl was obtained through the courtesy of Monsanto 
Chemical Company, St. Louis, Missouri. 


urine collected for 48 hours. Urine collected from animals fed 
the same compound was pooled and frozen until analyzed. An 
aliquot of the urine was adjusted to pH 7.2 to 7.3 with 10% 
NaOH and continuously extracted with ether for 24 hours. The 
ether extract was evaporated to dryness and the residue taken 
up in hot absolute alcohol and water added until the solution 
became turbid. The mixture was placed in the cold (15°) for 
24 hours and a crystalline phenolic compound obtained. After 
several recrystallizations this compound gave a constant melting 
point. The ether-extracted urine was concentrated to one-half 
its original volume under reduced pressure, acidified to pH 2.0 
with 10°, HCl, and placed in the cold (15°) for 24 hours. A 
yellow precipitate high in glucosiduronic acid content was se- 
cured. This material was recrystallized from hot absolute aleo- 
hol until a constant melting point was obtained. 


RESULTS 
Metabolic Studies 


Table I shows average 4-day excretion values of various uri- 
nary metabolites both before and after ingestion of biphenyl 
and of 4chlorobiphenyl. Because normal daily excretion of 
these metabolites is variable, changes in excretion of less than 
20°% are not considered meaningful. Amounts of ingested bi- 
phenyl and 4-chlorobipheny! accounted for by the four urinary 
metabolites determined were essentially the same, 639 mg and 
647 mg. Approximately 26°; or 262 mg of the biphenyl was 
excreted as the glucosiduronic acid derivative, but 50°, or 505 
mg of the ingested 4-chlorobipheny! was excreted in this manner. 
Free phenolic compounds in the urine accounted for 243 mg of 
the ingested biphenyl! as contrasted to 30 mg of the 4-chloro- 
biphenyl. Ethereal sulfate excretion accounted for 13 and 11%, 
respectively, of the ingested biphenyl and 4-chlorobiphenyl. 
Neither biphenyl] nor 4-chlorobipheny! seemed to be excreted as 
mercapturic acid derivatives. 


Tsolation Studies 


Biphenyl Metabolites—4-Hydroxybipheny! (m.p. 165°) was 
lated from the ether-soluble fraction of urine excreted by rabbits 
fed biphenyl. The acetate and benzoate derivatives of this 
compound were prepared and found to have melting points of 88° 
and 151°, respectively, which are consistent with values reported 
in the literature (9). Biphenylglucosiduronic acid (m.p. 183- 
184°) was isolated from the ether-insoluble fraction of the urine. 
Hydrolysis of the compound with acid or 6-glucuronidase yielded 
4-hvdroxybiphenyl! (m.p. 165°). Addition of known 4-hydroxy- 
bipheny] did not depress the melting point. Acetate and ben- 
zoate derivatives of the isolated 4-hydroxybipheny! had melting 
points of 87-88° and 149°, respectively. 
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I 
Effect of ingestion of biphenyl and 4-chlorobiphenyl on excretion 
of urinary metabolites by the rabbit 


ic Glucosid- Free 
‘sulfate | tunicacid phenolic 
& =§ 25 2s pound fed 
2/88) 2 | $8) 3] 
| | | 
| mg* mg | mg* mg | mg | me | % 
Biphenyl...... 65 134 75 851 262, 384 243 639 64 
| 
Control... ... 4 | 542 | «204 | 
phenyl...... | 1 58 112 89 | 1182 505 306 30 647 65 


* The values represent the total 4-day excretion. Each value 
is the average of results obtained on six different animals. 


4-Chlorobiphenyl Metabolites—4-(p-Chloropheny])phenol (m.p. 
146°) was isolated from the ether-soluble fraction of urine ex- 
creted by rabbits fed 4-chlorobiphenyl. Acetate and benzoate 
derivatives of this compound had melting points of 110° and 182°, 
respectively. These values are consistent with those reported 
in the literature (10). 4-Chlorobiphenyl glucosiduronide (m.p. 
186°) was isolated from the ether-insoluble fraction of the urine. 
Hydrolysis of the compound with acid or 8-glucuronidase yielded 
4-(p-chloropheny]) phenol (m.p. 145°) whose acetate and benzoate 
derivatives had melting points of 110-111° and 181°, respectively. 

The isolation procedures used in this study do not rule out the 
presence of other metabolites of biphenyl and 4-chlorobipheny] 
in the urine of rabbits fed these compounds. 


DISCUSSION 


The results of this study indicate that 4-chlorobiphenyl is 
metabolized as readily as bipheny! by the rabbit. The presence 
of a chlorine atom in the 4-position of biphenyl, however, does 
alter the distribution of the urinary metabolites of the compound. 
Essentially twice as much 4-chlorobipheny! as biphenyl was ex- 
creted as the glucosiduronic acid derivative. The isolation stud- 
ies indicated that the glucosiduronic acids of both 4-chlorobi- 
phenyl! and biphenyl were formed by conjugation in the 4- or 
para-position. Oxidation of the 4’ position of the 4-chlorobi- 
phenyl to a phenol group must have taken place in order for 
the glucosiduronide to be formed, and 4-(p-chloropheny]) phenol 
was isolated from the ether-soluble fraction of urine collected 
from rabbits fed 4-chlorobiphenyl. Nevertheless, the animal 
preferentially formed the glucosiduronide derivative for excretion 
because only a small fraction of the ingested 4-chlorobipheny] 
(3°%) was excreted as the free phenolic compound. This path- 
way was a major one for the excretion of biphenyl (24%) and 
was equally as important as the formation of glucosiduronides 
in bipheny! metabolism. 
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Hydrolysis by @-glucuronidase of the glucosiduronides iso- 
lated from the urines of animals fed either compound indicated 
a beta linkage with the glucosiduronic acid moiety. 

Although biphenyl is related structurally to naphthalene in 
that both are composed of two phenyl groups but with different 
linkages, the pathways for metabolism, by the rabbit, of the two 
compounds are dissimilar. Cornish and Block (2) reported 19% 
of the ingested naphthalene was excreted as mercapturic acid 
derivatives, and 2°; as free phenolic compounds. In the present 
study, no increment in mercapturic acid excretion caused by 
feeding biphenyl! could be detected, and, as mentioned before, 
free phenolic derivatives were an important excretory product. 
Cornish and Block (2) did find that more /-chloronaphthalene 
and dichloronaphthalene than naphthalene was excreted as the 
glucosiduronide. The present study would confirm the finding 
that glucosiduronide formation becomes more important in 
metabolism of the ingested hydrocarbon by the rabbit when the 
compound is halogenated, and that apparently the rabbit lacks 
a mechanism for the dehalogenation in vivo of such compounds 


(2). 


SUMMARY 


Twenty-four-hour urine samples were collected for a 4-day 
period both before and after oral administration of either 1 g of 
bipheny! or 1 g of 4-chlorobipheny] to rabbits. The urine sam- 
ples were analyzed for their content of glucosiduronic acids, free 
phenolic compounds, mercapturic acids, and ethereal sulfates. 

These metabolites in the urine accounted for 64° of the in- 
gested bipheny! or 4chlorobiphenyl. 4-Chlorobipheny! was ex- 
ereted mainly as the glucosiduronide (50°7); free phenolic com- 
pounds (24°;) and glucosiduronides (267) in the urine accounted 
for most of the biphenyl. Thus the presence of a chlorine atom 
in the biphenyl molecule altered the metabolic pathway in the 
rabbit. 

Isolation studies indicated that the glucosiduronie acid deriva- 
tives of both compounds were formed by conjugation in the + 
or para-position. 
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and estrone, preparation, and char- 
acterization, Erlanger, Borek, Bei- 


ser, and Lieberman, 1090 
—; o-quinone imides, interaction, 
Irving and Gutmann, 2878 


Alcohol dehydrogenase: Liver, inhibi- 
tion, 1,10-phenanthroline, Vallee, 
Williams, and Hoch, 2621 

—; reversible oxidation, cyclic second- 
ary alcohols, Merritt and Tomkins, 
2778 

Zine, liver, zine ions 1,10-phenan- 
throline, formation, Vallee and 


Coombs, 2615 

—, role, Vallee, Williams, and Hoch, 

2621 

Aldehyde: Malonic semi-. See Malonic 
semialdehyde 


Oxidation, Jakoby and Scott, 937 
Aldolase: Carboxypeptidase-degraded, 
catalytic activity, Drechsler, Boyer, 

and Kowalsky, 2627 
Alkaline phosphatase: Serum, tissue 
sources, immunochemical proce- 
dures, Schlamowitz and Bodansky, 


1433 
Alkyl: Substituted ring compounds, 
oxidation, Gillette, 139 


Alloxan: -Diabetic rat, enzyme activi- 
ties, glucose and fructose, Fitch, 
Hill, and Chaikoff, 2811 

Alterations: Biochemical, herniated in- 
tervertebral disks, Davidson and 
Woodhall, 2951 

Amidotransferase: Phosphoribosylpyro- 


phosphate. See Phosphoribosylpy- 


rophosphate amidotransferase 


Vol. 234 


Aminase: Acrylyl coenzyme A, purifi- 
cation and _ properties, Vagelos, 
Earl, and Stadtman, 490 

Amine(s): Acetyl imidazole, reactions, 
catalysis, Jencks and Carriuolo, 


1280 
Amine oxidases: Barsky, Pacha, Sarkar 
and Zeller, 389 


Amino acid(s): a-Amylase, Pacitlus 
subtilis, composition, Junge, Stein, 
Neurath, and Fischer, 006 

Aromatic; Saccharomyces cerevisiae in- 
hibition by p-aminobenzoic acid; 
reversal by, Reed, Schram, and 
Loveless, 904 

Azo derivatives, spectrophotometric 
study, Tabachnick and Sobotka, 

1726 

Composition, amino-terminal _ se- 
quence, yeast enolase, Malmstrém, 
Kimmel, and Smith, 1108 

—, proteins, ribonucleoprotein par- 
ticles, liver, Crampton and Peter- 
mann, 2642 

Dependent exchange, pyrophosphate 
and adenosine triphosphate, in 
spinach preparations, Marcus, 

1238 

y-Glutamy] transpeptidase, glutathi- 
one reaction, Revel and Ball, 

577 

w-Hydroxy-a-, dehydrogenase; Neuro- 

spora crassa, purification, proper- 

ties, Yura and Vogel, 339 

Incorporation in vitro, protein frac- 
tions, intact cells, Rabinovitz and 
Olson, 2085 

Metals and; cellular uptake, interre- 
lationships, Pal and Christensen, 


613 
Peptides A and B sequence, study, 
Folk, Gladner, and Laki, 67 


Radioactive; hen oviduct ‘“‘nonpro- 
tein” fractions, protein, incorpora- 
tion, Hendler, 1466 

Residues; ribonuclease inactivation, 
iodoacetate, Gundlach, Stein, and 
Moore, 1754 

S$%5 hair protein, incorporation, rate, 
Fleischer, Vidaver, and Haurowutz, 

2717 

Amino acyl adenylates: Synthesis, prop- 

erties, Moldave, Castelfranco, and 

Meister, 841 

Aminobenzoic acid: p-; Saccharomyces 

cerevisiae inhibition; aromatic 

amino acids, reversal, Reed, Schram, 

and Loveless, 904 

Aminobutyric acid-4-C': y-; Metabo- 
lism, Wilson, Hill, and Koeppe, 


341 


Ar 


An 


An 


Am 


Am 


Ami 


Ami 


Amr 


Amy 


A 
A 
A 
A 


1959 


Aminobutyraldehyde dehydrogenase: 
y-; Pyrrolidine and putrescine me- 
tabolism, Jakoby and Fredericks, 


2145 

Aminobutyric-glutamic transaminase: 
y-; Pseudomonas fluorescens, Scott 
and Jakoby, 932 


Amino-y-butyrolactone: a-; S-Adeno- 
sylmethionine, enzymatic cleavage 
mechanism, Mudd, 1784 

Aminobutyryl peptide: y-; 8-Alany! pep- 
tides, carnosine; enzymatic synthe- 
sis, Kalyankar and Meister, 

3210 

Aminocaproic acid: Plasminogen ac- 
tivation, inhibitor, Alkjaersig, Flet- 
cher, and Sherry, 832 

Aminoisobutyric acid: Iris tingitana 
var. Wedgewood, bulbs, isolation, 
Asen, Thompson, Morris, and 
Irreverre, 343 

Aminopeptidase: Fragments; leucine, 
ascites tumor, Patterson, 2327 

Aminophenol(s): o-; Oxidation, cyto- 
chrome c and cytochrome oxidase, 
Nagasawa and Gutmann, 1593 

Aminophenol(s): o-; Oxidation, cyto- 
chrome c and cytochrome oxidase, 
Nagasawa, Gutmann, and Morgan, 

1600 

Aminopterin: Uptake and degradation, 
by bacteria, study, Wood and 
Hitchings, 2381 

Amino - 1 -ribosyl - 4-imidazolyl car- 
bonyl)-L-aspartic acid 5’-phos- 
phate: N-(5-; enzymatic cleavage, 
Miller, Lukens, and Buchanan, 

1806 

Amino-1-ribosylimidazole 5’-phosphate: 
Carbon dioxide and; 5-amino-1- 
ribosylimidazole 5’-phosphate, en- 
zymatic synthesis, Lukens and Bu- 
chanan, 1799 

Amino-1-ribosyl - 4-imidazolecarboxylic 
acid 5’-phosphate: 5-; Enzymatic 
synthesis, 5-amino-1-ribosylimidaz- 
ole 5’-phosphate and carbon di- 
oxide, Lukens and Buchanan, 


1799 
Amino-1,2,4-triazole: 3-; Antithyroid 
action, Alexander, 148 


Amino: -Terminal sequence, amino acid 
composition, yeast enolase, Malm- 
strém, Kimmel, and Smith, 

1108 

Ammonium sulfate: Fractionation; pros- 
tatic acid phosphatase, purifica- 
tion procedure, Davidson and Fish- 
man, 526 

Amylase: a-; Amino acid composition, 
Bacillus subtilis, Junge, Stein, 
Neurath, and Fischer, 556 


Subject Index 


Amylase—Continued: 

Intracellular distribution, pancreas, 
tissue fractionation, study, Van 
Lancker and Holitzer, 2359 

Mammalian; enzyme inhibition, spe- 
cific antisera, McGeachin and Rey- 
nolds, 1456 

a-; metal content, Vallee, Stein, 
Sumerwell, and Fischer, 2901 

Serum; electrophoretic behavior, Mec- 
Geachin and Lewis, 795 

Amyloglucosidase: Aspergillus niger; 
starch and malto-oligosaccharides, 
action, Pazur and Ando, 1966 

Anion: Binding characteristics; pro- 
tamine, physical and chemical 


properties; sperm, salmon, Onco- 


rhynchus tschawytscha, Carroll, Calla- 
nan, and Saroff, 2314 
Exchange cellulose columns, gamma 
globulin fractionation, Fahey and 
Horbett, 2645 
Water and oxygen; acyl transfer, 
acetyl imidazole reactions, Jencks 
and Carriuolo, 1272 
Antimetabolite(s): 3-Acetylpyridine, 
metabolism in vivo, study, Beher, 
Baker, and Madoff, 2388 
Antisera: Specific; enzyme inhibition, 
mammalian amylases, McGeachin 
and Reynolds, 1456 
Subtilisin-modified ribonuclease inter- 
action, native ribonuclease, Singer 


and Richards, 2911 
Antithyroid: Action, 3-amino-1 ,2,4-tri- 
azole, Alexander, 148 


Compounds; inhibition, iodide per- 
oxidase, in thyroid and salivary 
glands, Alexander, 1530 

Apoprotein: System, flavoprotein-; egg 
white, Rhodes, Bennett, and Feeney, 
2054 

Arabinose: L-; Adenosine triphosphate 
and; enzymatic formation, D-arab- 
inose 5-phosphate, Propionibac- 
terium pentosaceum, Volk, 1931 

L-; Oxidation, Pseudomonas saccharo- 

_ phila, L-2-keto-4 ,5-dihydroxyvaleric 
acid, Weimberg, 727 

Arabinose 5-phosphate: p-; Enzymic 
formation, L-arabinose and adeno- 
sine triphosphate, Propionibacte- 
rium pentosaceum, Volk, 1931 

2-Keto - 3 - deoxy - 8 - phosphooctonic 
acid synthetase, condensation, Le- 
vin and Racker, 2532 

Aromatic ring: Molecular rearrange- 
ment, patulin biosynthesis, Tanen- 
baum and Bassett, 1861 

Ascaris lumbricoides: Muscle; succinate 
and propionate, formation mech- 
anism, Saz and Vidrine, 2001 


3329 


Ascites: Cells, Ehrlich; nucleic acid bio- 
synthesis, study, Harbers and 
Heidelberger, 1249 

—; respiratory enzymes, glucose ef- 
fect; metabolic control mechanisms, 


Chance and Hess, 2421 
Tumor cells, biochemical character- 
istic, Nirenberg, 3088 
— —, glucose-oxygen titrations, ffess 
and Chance, 3031 

—-—, glycolysis, Wu and Racker. 
1029 


—-—, mitochondria. crossover phe- 
nomena; metabolic control mech- 
anisms, Chance and Hess, 2413 

—-—, oxygen utilization; metabolic 
control mechanisms, Chance and 


Hess, 2416 
—-—, Pasteur effect and crabtree 
effect, Wu and Racker, 1036 


— —; reduces triphosphopyridine nu- 
cleotide, oxidation, Wenner, 


2472 
—, leucine aminopeptidase fragments, 
Patterson, 2327 


Ascorbic acid: Proline, hydroxyproline 
conversion, relation in; collagen 
synthesis, carrageenan granuloma, 
Robertson, Hiwett, and Herman, 

105 

Synthesis, liver homogenates, to- 
copherol, vitamin E-deficient rats, 
Carpenter, Kitabchi, McCay, and 
Caputto, 2814 

Ashbya gossypii: 6- Methyl-7-hydroxy-s- 
ribityllumazine, isolation; chemical 
structure, Plaut and Maley, 

3010 

Aspartase: J-Methyl. See 8-Methyl- 
aspartase 

Asparagus extract: Xylosy! transfer, 
Feingold, Neufeld, and Hassid, 


45S 

Aspartic acid: N-Acetyl-L-. See \- 
Acety|-L-aspartic acid 

N-Carbamylhydroxy-. See \-Car- 


bamylhydroxyaspartic acid 
Aspartic acid 5’-phosphate: .V -(5-Amino- 
1-ribosyl-4 -imidazoylearbony]) ; 
enzymatic cleavage, Miller, Lukens, 
and Buchanan, 1806 
N -(5-amino- | -ribosy] -4 -imidazoly - 
carbonyl)-L-; enzymatic synthesis, 
Lukens and Buchanan, 1791 
Aspartic transaminase: Glutamic. See 
Glutamic aspartic transaminase 
Aspergillus niger: Amyloglucosicdase, 
action, starch and malto-oligosac- 
charides, Pazur and Ando, 1966 
Atom(s): Carbon. See Carbon atoms 
Azobacter vinelandii: Cytochromes 
and ¢;, purification, crystallization, 
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Azobacter vinelandii —Continued: 
and properties, Neumann and 
Burris, 3286 
Azauridine: 6-; Biochemical activity, 
interference, pyrimidine metabo- 
lism, tumors, Pasternak and Hand- 


aschumacher, 2992 
Azoproteins: Tabachnick, and Sobotka, 
1726 

B 


Bacillus subtilis: a- Amylase from, amino 
ackl composition, Junge, Stein, 


Neurath, and Fischer, 556 
Bacillus: Tubercle. See Tubercle bacil- 
jus 


Bacteria: Folic acid, citrovorum factor, 
aminopterin, and pyrimethanime, 
uptake and degradation, study, 
Wood and Hitchings, 238 1 

Lactic acid; glutamic acid accumula- 
tion, Holden and Holman, 865 
Oxidases, photochemical determina- 
tions, Castor and Change, 
1587 
Ribonucleic acid degradation inhibi- 
tion, spermine, Herbst and Doctor, 
1497 

Bacterial composition: Growth phase, 

Toennies, Bakay, and Shockman, 
3269 

Bacterial systems: Fractionated; oxi- 
dative phosphorylation, soluble 
factors, role, Brodie, 398 

Bacteriophage(s): -Infected Escherichia 
coli, thymidylate synthetase, Flaks 
and Cohen, 2981 

deoxyecytidylate hydroxy- 
methylase, origin, study, Flaks, 
Lichtenstein, and Cohen, 1507 

T2, tail; contractile protein, Kozloff 
and Lute, 539 

—, T4, and T5; phosphatases, Dukes 
and Kozloff, . A 

T5; Escherichia coli, thymine-re- 
quiring, thymidylate synthetase, 
Barner and Cohen, 2987 

T6r*; purine and pyrimidine deoxy- 
ribose, origin, Loeb and Cohen, 

364 

Benzoic acids: p-Amino-. See p-Ami- 
nobenzoic acids 

Bicarbonate: C™ from C-labeled; in- 
corporation into protein, Man- 
chester and Krahl, 2938 

-Dependent degradation, adenosine 
triphosphate, Aupiecki and Coon, 

2428 

Bile acid(s): Ratliff, Matschiner, Doisy, 

Hsia, Thayer, Elliott, and Doisy, 
3133 


Subject Index 


Bile acid(s)—Continued: 
Formation, cholesterol double bond, 
stereochemical course, Samuelsson, 
2852 
Steroids, Samuelsson, 2852 
— and; deoxycholic acid, formation 
mechanism, Bergstrém, Lindstedt, 
‘and Samuelsson, 2022 
— -—,; cholic and deoxycholic acid, in- 
terconversion, Lindstedt and Sam- 
uelsson, 2026 
Biotin: Content and properties, orni- 
thine-citrulline enzyme, Strepto- 
coccus lactis, Ravel, Grona, Humph- 


reys, and Shive, 1452 
Biphenyl: Metabolism, Block and Cor- 
nish, 3301 


Bladder: Toad, isolated; respiration, 
active sodium transport, Leaf, 
Page, and Anderson, 1625 

Blatella germanica: Ergosterol conver- 
sion, 22-dehydrocholesterol, Clark 


and Bloch, 2589 
Blood: Nucleotides, Bishop, Rankine, 
and Talbott, 1233 


Blood cells: Adenine-8-C™ transport, 
mouse tissues, Henderson and Le- 
Page, 3219 

Bone: Chick; thymine biosynthesis, 
vitamin By, role, Dinning and 
Young, 1199 

Tissue; strontium and calcium, rela- 
tive retention, Alexander and 
Nusbaum, 418 

Brain: Glutamine synthetase and glu- 
tamotransferase; mManganous and 
magnesium ions concentration, ef- 
fect, Greenberg and Lichtenstein, 

2337 
Glycolipides, biosynthesis, study, 
Moser and Karnovsky, 1990 
y-Guanidinobutyric acid, isolation 
from, Irreverre and Evans, 1438 
Microsomes; extracts; diglyceride 
and adenosine triphosphate, phos- 
phatidie acid synthesis, Hokin and 
Hokin, 1381 
Mitochondria; glycolytic and  oxi- 
dative phosphorylative studies, 
Abood, Brunngraber, and Taylor, 
1307 

Bromodeoxyuridine: 5-; Action, mam- 

malian cells, in culture, Hakala, 
3072 

Butyric acid-4-C'!: y-Amino-. See Ami- 
nobutyric acid-4-C' 

Butyrolactone: a-Amino-y-. 
Amino-y-butyrolactone 

Butyryl: Coenzyme A, palmitic acid, 
incorporation, pigeon liver system, 
Long and Porter, 1406 


See a- 
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Cc 
C4; See Carbon 14 
Calcium: Adenosine 5’-triphosphate hy- 
drolysis, actomyosin, Weber, 
2764 
Strontium and; bone tissue, relative 
retention, Alexander and Nusbaum, 


418 
Carbamylhydroxyaspartic acid: \-; Bio- C 
synthesis, Sallach, 900 


Carbamyl phosphate synthetase: Mech- 
anism, study, Metzenberg, Marshall, C 
Cohen, and Miller, 1534 

Carbobenzoxy-L-tyrosine p-nitrophenyl 
ester: Enzymes, hydrolysis, Mar- C 
tin, Golubow, and Axelrod, 

1718 

Carbohydrate: Fat conversion, peanut C: 
and sunflower seedlings, Bradbeer 
and Stumpf, 498 

Metabolism; vinyl phosphate synthe- 
sis, intermediate, Baer, Ciplijaus- 


kas, and Visser, 1 

—, regulatory mechanisms, Gatt and 
Racker, 1015, 1024 

—, regulatory mechanisms, Wu and C; 
Racker, 1029, 1036 

—, mechanism, Wu, 2806 Cz 


Nutrition; mammalian cells (MB III 
strain, mouse lymphoblasts) grow- 
ing in vitro, Bailey, Gey, and Gey, Cs 

1042 
Carbon: Source, acetate; Escherichia 
coli, acetate-C™ utilization, Glasky Ca 


and Rafelson, 2118 
-Labeled urea; metabolism, germ- ; 
free rat, Levenson, Crowley, Horo- 
witz, and Malm, 2061 
Carbon atoms: Fatty acids, Agre and 
Cason, 2555 Ce 


Carbon dioxide: Activation, pyruvate 
clastic system, Clostridium buty- 
ricum, Mortlock, Valentine, and Ca: 
Wolfe, 1653 

5-Amino-1l-ribosylimidazole 5’-phos- 
phate and; 5-amino-1-ribosyl 4- 
imidazolecarboxylic acid 5’-phos- 
phate, enzymatic synthesis, Lukens 
and Buchanan, 1799 
Assimilation, dependence on_ photo- 
chemical reactions, of chloroplasts, 
Trebst, Losada, and Arnon, 3055 
Fixation, marine invertebrates; oys- 
ter, main pathway, Hammen and | © 
Wilbur, 1268 
Output, manometric determination, 
glucose utilization, insulin effect, 
Ball, Martin, and Cooper, 774 B 
Oxidation, methyl groups, choles- 
terol; liver, Whitehouse, Staple, and Car 
Gurin, 276 


Cai 


Car 


XUM 


1959 


Carbon 14: Incorporation into protein, 
insulin effect, Manchester and 
KradAl, 2938 

See Acetate-C™ 

S*> and; association rate, plasma pro- 
tein fraction, after Na2S**Q,, gly- 
cine-C™, or glucose administra- 
tion, Richmond, 2713 

Carbon tetrachloride: Fatty liver, bio- 
chemical changes, Recknagel and 
Anthony, 1052 

Carbonyl reagents: Xanthine and suc- 
cinic oxidases, inhibition, Wester- 
feld, Richert, and Bloom, 1889 

Carboxyl: -Labeled fatty acids, use, 
respiration, diaphragm, Neptune, 
Sudduth, and Fash, 3102 

Carboxylic acid(s): Bicarbonate and, 
C™ from C-labeled; incorporation 
into protein, Manchester and KraAl, 

2938 

Lactic dehydrogenase, reduced di- 
phospyridine nucleotide and, ter- 
nary complexes; fluorescence spec- 


tra, Winer and Schwert, 1155 
Carboxylase: Propionyl. See Propionyl 
carboxylase 


Carboxylate reductase: Pyrroline-d-. 
See Pyrroline-5-carboxylate reduc- 
tase 


Carboxymethyl: Cellulose columns, 
chromatography, ribonuclease, Ta- 
borsky, 2652 


Carboxypeptidase: -Degraded aldolase, 


catalytic activity, Drechsler, Boyer, 


Kowalsky, 2627 
B-Lactoglobulin, action, Davie, New- 
man, and Wilcoz, 2635 


Carcinogen N-(2-fluorenyl)acetamide: 
Metabolism, liver cell fractions, 
Seal and Gutmann, 648 

Carcinoma: Adrenal; 38-hydroxy-A‘- 
steroids, isolation and characteri- 
zation, Okada, Fukushima, and 
Gallagher, 1688 

Cardiac myofibrils: Canine, human, iso- 
lation method, Brown, Aras, and 
Hass, 438 

Carnosine: §-Alanyl, y-aminobutyryl 
peptides related, enzymatic synthe- 
sis, Kalyankar and Meister, 

3210 


Carotene(s): Biosynthesis; leucine me- 


tabolism, Chichester, Yokoyama, 

Nakayama, Lukton, and Mckinney, 

598 

B-; Degradation of labeled, Lotspeich, 

Krause, Lilly, and Barnett, 3109 

Carotenoids: Tomato. See Tomato 
carotenoids 


Subject Index 


Carrageenan granuloma: Ascorbic acid 
relation, proline conversion, to 
hydroxyproline, collagen synthesis, 
Robertson, Hiwett, and Herman, 

105 
Blood. See Blood cells 
Catabolism: Cholesterol, in vitro, White- 
house, Staple, and Gurin, 276 
Galacturonic and glucuronic acids; 
Erwinia carotovora, Kilgore and 
Starr, 2227 

Cathepsin: B; trypsinogen, activation, 
Greenbaum, Hirschkowitz, and Shoi- 
chet, 2885 

C; spleen, properties, purification, de 
la Haba, Cammarata, and Tima- 
sheff, 316 

Cationic proteins: See Proteins 

Cell(s): Ascites tumor; biochemical 
characteristic, Nirenberg, 3088 

—-—; glycolysis, Wu and Racker, 

1029 

—-—; mitochondria, crossover phe- 

nomena; metabolic control mech- 
anisms, Chance and Hess, 

2413 

—-—; oxygen utilization, metabolic 

control mechanisms, Chance and 


Hess, 2416 
——; Pasteur effect and crabtree 
effect, Wu and Racker, 1036 


—-—; reduced  triphosphopyridine 
nucleotide, oxidation, Wenner, 
2472 
—, respiratory enzymes, glucose ef- 
fect; metabolic control mechanisms, 
Chance and Hess, 2421 
Cultures, mammalian; protein turn- 
over, Eagle, Piez, Fleischman, and 
Oyama, 592 
Ehrlich ascites; nucleic acid biosyn- 
thesis, study, Harbers and Heidel- 
berger, 1249 
Extracts: Ruminococcus flavefaciens, 
cellobiose, phosphorolysis and syn- 
thesis, Ayers, 2819 
-Free extracts, uridine nucleotides, 
biosynthesis, Markovitz, Cifonelli, 


and Dorfman, 2343 
—, preparations, nicotine oxidation, 
Hochstein and Rittenberg, 151 


HeLa. See HeLa cells 

Human red; glycolytic intermediates, 
Bartlett, 449 

Intact, phosphorylation efficiency; 
glucose-oxygen titrations, ascites 
tumor cells, Hess and Chance, 


3 3031 
—, — bakers’ yeast, crossover 
phenomena, Chance, 3036 


—, protein fractions; amino acid in- 


3331 
Cell(s)—Continued: 
corporation in vitro, Rabinowitz 
Olson, 2085 


Intact, ring A dehydrogenations, 
bacterial oxidation, steroids, Levy 
and Talalay, 2009 

Lymph node; glucose, distribution 
and utilization, Helmreich and 
Eisen, 1958 

Mammalian, culture; purine and 
thymine’ derivatives, glycine, 
growth support ability, Hakala and 
Taylor, 126 

—, electron transfer; metabolic con- 
trol mechanisms, Chance and Hess, 


2404 

Mast, tumor; heparin isolation, 
Korn, 1325 
—, —; — synthesis, Aorn, 1321 


Wall, Staphylococcus aureus, compo- 
sition; penicillin action mechanism, 
relation, Strominger, Park and 
Thompson, $263 

— synthesis, bacterial; threonine de. 
pletion, effect, Shockman, 2340 

Walls; yeasts, glucomannan-protein 
complexes, Aessler and Nickerson, 


2281 
Yeast, phosphorylation and cdephos- 
phorylation, Chance, S041 


Cellobiose: Phosphorolysis, synthesis, 
cell extracts, Ruminococcus flave- 
faciens, Ayers, 2819 

Cellulose: Columns, anion exchange, 
gamma globulin fractionation, Fa- 
hey and Horbett, 245 

—, carboxymethyl, ribonuclease, 
chromatography, Taborsky, 
252 

Chick: Bone marrow, thymine bie- 
synthesis, vitamin By, role, Din- 


ning and Young, 1199 
Embryo; deoxyribonucleic acid 
synthesis, Reichard, 1244 
—; tissue proteins, hydroxyproline, 
incorporation, Mitoma, Smith, 
Friedberg, and Rayford, 78 


Chlorinase: 8-Ketoadipate. See 3-Ke- 
toadipate chlorinase 
Chlorination: Biological, Shaw, Beck- 


with, and Hager, 2560 

—, Shaw and Hager, 2565 
Chlorobiphenyl: 4-; Metabolism, Block 
and Cornish, 3301 


Chiorolevulinic acid: 6-; Biosynthesis, 
Shaw, Beckwith, and Hager, 
2560 
Chloroplasts: Digitonin - fragmented 
spinach; photophosphorylation, 
Koukol, Chow, and Vennesland, 
2196 
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Chloroplasts—Continued: 

Isolated, photosynthesis; carbon di- 
oxide assimilation, photochemical 
reactions, Trebst, Losada, and 
Arnon, 3055 

Photophosphorylating spinach, prep- 
arations; phosphorus, distribution, 
Nakamura, Chow, and Vennesland, 

2202 

Spinach; adenosine triphosphate, for- 
mation mechanism, Avron and 
J agendorf, 967 

—, oxidative photosynthetic phos- 
phorylation, Krogmann and Ven- 

2205 

riboflavin phosphate-dependent, 
photosynthetic phosphorylation, 
oxygen effect, Nakamoto, Krog- 
mann, and Vennesland, 2783 

Chioropurine: 6-; Purine-oxidizing en- 
zymes, substrate and _ inhibitor, 
Duggan and Titus, 2100 

Chiorouric acid: 6-; Purine-oxidizing 
enzymes, substrate and inhibitor, 


Duggan and Titus, 2100 
Cholestanol: 3-6-, Absorption, Chapman 
and Chaikoff, 273 


Cholestenol-H*: A’-; Cholesterol, con- 
version, liver homogenates and 
cellular fractions, Frantz, Davidson, 


Dulit, and Mobberley, 2290 
Cholestenone: A*‘-, Absorption, Chapman 
and Chaikoff, 273 


Cholesten-3-one: A‘-, -Treated rats, 
cholesterol biosynthesis, liver, Bu- 
cher, McGarrahan, Gould, and Loud, 

262 

Cholesterol: Biosynthesis, liver, Bucher, 
McGarrahan, Gould, and Loud, 

262 
-1-C“; In chylomicrons, perfusion 


fluid removal by liver, Hillyard, . 


Cornelius, and Chaikoff, 


2240 
Catabolism, in vitro, Whitehouse, 
Staple, and Gurin, 276 


A’-Cholestenol-H* conversion, liver 
homogenates and cellular frac- 
tions, Frantz, Davidson, Dulit, and 
Mobberley, 2290 

Dietary; cholesterol metabolism, tran- 
sitory changes, Klein and Martin, 

3129 

Double bond, bile acid formation, 

stereochemical course, Samuelsson, 
2852 

Esters; fractionation, silicic acid chro- 

matography, Klein and Janssen, 
1417 


—,liver. See Liver cholesterol esters 


Subject Index 


Cholesterol—Continued: 
H?-, H?-cortisol, isolation from urine, 
Werbin, Chaikoff,and Jones, 282 
Metabolism; transitory changes, die- 
tary cholesterol induced, Klein and 
Martin, 3129 
Origin; liver, small intestine, adrenal 
gland, testis, of rat; dietary versus 
endogenous contributions, Morris 
and Chaikoff, 1095 
Other lipides and; _ incorporating 
method, into serum lipoproteins in 
vitro, Avigan, 787 
Cholic acid: Deoxycholic and, inter- 
conversion; bile acids and steroids, 
Linstedt and Samuelsson, 
2026 
Choline: Dehydrogenase; extraction, as- 
say, properties, Rendina and Singer, 
1605 
Deoxycytidine diphosphate. See De- 
oxycytidine diphosphate choline 
Oxidation; products, isolation and 


identification, Jellinek, Strength, 
and Thayer, 1171 
Sulfurylation, mechanism, Kaji and 
Gregory, 3007 


Chondroitinase: Enzyme, purification 
and properties: Martinez, Wolfe, 
and Nakada, 2236 

Chromatography: Column; ion exchange 
resins, glycolytic intermediates, iso- 
lation methods, Bartlett, 459 

—; phosphorus assay, Bartlett, 
466 
Electrophoresis, peptide separation, 
Katz, Dreyer, and Anfinsen, 
2897 
Gas; fatty acids and tubercle bacillus 
separation; oleic acid identification, 


Cason and Tavs, 1401 
Ribonuclease, carboxymethyl cellu- 
lose columns, Taborsky, 2652 
Serum phospholipide analysis, Nelson 
and Freeman, 1375 


Silicie acid; cholesterol esters, frac- 
tionation, Klein and Janssen, 

1417 

Silicone-impregnated paper, coen- 

zyme Q, Lester and Ramasarma, 

672 


Chromatophores: Rhodospirillum  ru- 
brum; photooxidations catalyzed, 
anaerobic conditions, Vernon, 


1883 

—-—, succinate; photoreduction, 
pyridine nucleotides, Vernon and 
Ash, 1878 


Chromium: Ribonucleic acid, Wacker 
and Vallee, 3257 


Vol. 234 


Chylomicrons: Proteins, FRodbell and 


Frederickson, 562 
—, metabolism, Rodbell, Frederickson, 
and Ono, 567 


Palmitate-1-C' and cholesterol-1-C™ 
in perfusion fluid, removal by liver, 
Hillyard, Cornelius, and Chatkoff, 

2240 

Chymotrypsin: Spectrophotometric 
method, assay, Martin, Golubow, 
and Axelrod, 294 
Citrate: Cleavage, enzyme; distribution 
and purification, Srere, 2544 

Condensing enzyme reaction mech- 
anism, study, Englard, 1004 

Oxidation, phosphate inhibition, kid- 
ney tissue, DeLuca, Gran, Reiser, 
and Steenbock, 1912 

Citrovorum factor: Enzymatic conver- 
sion of “‘prefolic Donaldson and 
Keresztesy, 3235 

Uptake and degradation, by bacteria, 

study, Wood and Hitchings, 
2381 
Citrulline enzyme: Ornithine-. See Or- 
nithine-citrulline enzyme 
Cleavage: Enzymatic; S-adenosylme- 
thionine, Mudd, 87 
Clostridium butyricum: Pyruvate clastic 
system, carbon dioxide activation, 
Mortlock, Valentine, and Wolfe, 
1653 

— oxidation reversal, Mortlock and 

Wolfe, 1657 
Clostridium kluyveri: Hydrogen oxida- 
tion, Kinsky, 973 

Propionate oxidation; 8-hydroxypro- 
pionyl coenzyme A and malonyl 
semialdehyde coenzyme A, inter- 
mediates, Vagelos and Earl, 

2272 

Coenzyme(s): A aminase, acrylyl; puri- 
fication and properties, Vagelos, 
Earl, and Stadtman, 490 

—, butyryl; palmitic acid, incorpora- 
tion, pigeon liver system, Long and 
Porter, 1406 

— £6-hydroxypropionyl. See 6-Hy- 
droxypropionyl coenzyme A 

— malonyl semialdehyde. See Ma- 
lonyl semialdehyde coenzyme A 

—; yeast, 6-hydroxy-8-methylglu- 
taryl, biosynthesis, Ferguson and 


Rudney, 1072 
—; yeast, 
taryl; biosynthesis, Rudney and 
Ferguson, 1076 | 


Analogues, Mammalian tissues, reac- 
tion determination, Stein, Kaplan, 
and Ciotti, 979 
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Coenzyme(s)—Continued: 

-Binding, heart lactic dehydrogenase; 
fluorescence study, Shifrin, Kaplan, 
and Cvott, 1555 

-Condensing enzyme, hydroxymeth- 
ylglutaryl]; identification and purifi- 
cation, Ferguson and Rudney, | 

| 1072 

Flavin; oxidation catalysis, nitrogen 
compounds, in light, Frisell, Chung, 
and Mackenzie, 1297 

—, natural occurrence; related com- 
pounds, Lester and Crane, 2169 

Resolution, activators, and inhibitors, 
Matsuo and Greenberg, 507 

Q, chromatography, Silicone-impreg- 
nated paper, Lester and Rama- 


sarma, 672 
Sedimentation velocity and kinetic 
behavior, effect, Frieden, 809 
Co-fibrin: Formation, thrombin-in- 
duced, Gladner, Folk, Laki, and 
Carroll, 62 
Folk, Gladner, and Lak, 67 


Isolation, purification, and charac- 
terization, Gladner, Folk, Laki, and 
Carroll, 62 

Thrombin-induced formation, Folk, 
Gladner, and Levin, 2317 

Cohn method: Plasma Fraction I, 
properdin, preparation, Spicer, 
Priester, Smith, and Sanders, 

838 

Collagen: Hydroxylysine, source and 
state, Sinex, Van Slyke and Christ- 
man, 918 

Lysine and hydroxylysine; free hy- 


droxylysine, failure as _ source, 
Sinex, Van Slyke, and Christman, 
918 

Study, Seifter, Gallop, Klein, and 
Meilman, 285 


Synthesis, carrageenan granuloma; 
proline conversion, to hydroxypro- 
line, ascorbic acid relation, Robert- 


son, Hiwett, and Herman, 105 
Tripeptides from, Schrohenloher, Ogle, 
and Logan, 58 


Collagenase: Properties, inhibition, Sezf- 
ter, Gallop, Klein, and Meilman, 

285 

Colorimetric assay: Glyceric acids, 
methods, Bartlett, 469 

Copper: Cytochrome c oxidase, Wazinio, 
Vander Wende, and Shimp, 


2433 
Metabolism, study, Markowwtz, Cart- 
wright, and Wintrobe, 40 


Corn: Tryptophan-niacin, relationship, 
lack of, Henderson, Somerodki, Rao, 
Wu, Griffith, and Byerrum, 93 


Subject Index 


Cornea: Mucopolysaccharide biosynthe- 
sis, study, Pogell and Koenig, 

2504 

Cortex: Kidney, slices; p-galactose, 

accumulation against gradient con- 
centration, Krane and Crane, 


211 
Corticoid: Production, adrenal tissue, 
Koritz and Péron, 3122 


Production, adrenal glands, adeno- 
sine 3’,5’-monophosphate, influ- 
ence, Haynes, Koritz, and Péron, 

1421 

Corticosteroids: Gluco-. See Gluco- 
corticosteroids 

Corticotropin: Adipose tissue in vitro, 

lipolytic action, Lopez, White, and 

Engel, 2254 

Cortisol: Isolation, from urine, 
Werbin, Chaikoff, and Jones, 


282 
Coumaric acid: 0-; Metabolism, plants, 
Kosuge and Conn, 2133 


o-; Urinary metabolites, Booth, Masri, 
Robbins, Emerson, Jones, and 


DeEds, 946 
Coumarin: Metabolism, plants, Aosuge 
and Conn, 2133 


Urinary metabolites, Booth, Masri, 
Robbins, Emerson, Jones, and 
DeEds, 946 

Crabtree effect: Pasteur effect and; 
ascites tumor cells, Wu and Racker, 


1036 

Reconstructed systems, Galt and 
Racker, 1015 
Creatine: Measurement, Tanzer and 
Gilvarg, 3201 


Crystalline barium glucose 6-phosphate, 
Preparation method, Orlowski, 
1651 
Crystalline papain: Activity, optical ro- 
tation; urea and guanidine hydro- 
chloride, effect, Hill, Schwartz, and 
Smith, 572 
Cuproprotein: Erythrocyte, isolation, 
properties, Markowitz, Cartwright, 


and Wintrobe, 40 
Cyanide: Mechanism, inactivation, Giu- 
ditta and Singer, 666 
Cyclouridine: 07:2’; metabolism, Reich- 
ard, 2719 
Cystathionine: Enzyme, synthesizes, 
Selim and Greenberg, 1474 


Homoserine and; crystalline enzyme, 
Matsuo and Greenberg, 507, 516 
Cysteine: Ethylene oxide reaction, 
Windmueller, Ackerman, and Engel, 

895 


S-Methyl-. See Methylcysteine 


3333 


Cysteine—Continued: 

Rats fed; thiotaurine in urine, Caval- 

lint, De Marco, and Mondovi, 
854 
Cytidine: -C™; utilization; deoxyribo- 
nucleic acid, biosynthesis, chick 
embryo, Reichard, 1244 
Nucleotide, accumulation, Staphylo- 
coccus aureus, gentian violet in- 
hibited, Strominger, 1520 
Cytochrome: 6;, Liver mitochondria; 
electron transport enzymes, study, 


Raw and Mahler, 1867 
c Oxidase, copper, Watnio, Vander 
Wende, and Shimp, 2433 


—; reductase, reduced diphosphopy- 
ridine nucleotide-; cytochrome oxi- 
dase reduction, Cooperstein, 392 

—;—, reductase, triphosphopyridine 
nucleotide-; heart muscle, Lang and 
Nason, 1874 

—; o-aminophenol oxidation, Naga- 
sawa, Gutmann, and Morgan, 


1600 

—; o-aminophenol oxidation, Naga- 
sawa and Gutmann, 1593 
— and ce; Rhodospirillum rubrum 
extract, reactions, Smith, 1571 


cs and cs; Azotobacter vinelandii; puri- 
fication, crystallization, and prop- 
erties, Neumann and Burris, 
3286 
Cytochrome oxidase: Activity, lipide, 
Greenlees and Wainio, 658 
o-Aminophenols, oxidation, Nagasawa 
and Gutmann, 1593 
Intracellular distribution, pancreas, 
tissue fractionation, study, Van 
Lancker and Holtzer, 2359 
Reduction, reduced diphosphopyri- 
dine nucleotide-cytochrome ¢ re- 


ductase, Cooperstein, 392 
Cytochrome reductase; Microsomal; 
nucleotide complexes, properties, 
Strittmatter, 2665 
—; reactive sulfhydryl groups, Stritt- 
matter, 2661 
D 
Deaminase: Adenosine. See Adenosine 
deaminase 
Pterin. See Pterin deaminase 


Decarboxylase: Activity; 5-hydroxy- 
tryptophan, kidney, norepineph- 
rine, effect, Buzard and Nytch, 


SS4 
Glutamic. See Glutamic decarboxyl- 
ase 
Oxaloacetic. See Oxaloacetic de- 
carboxylase 
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Decarboxylation: Pyruvate, thiamine, 
Yatco-Manzo, Roddy, Yount, and 


Metzler, 733 

—, — analogues, Yount and Metzler, 
738 

Dehydrocholesterol: 22-; Ergosterol 
conversion, Blattella germanica, 


Clark and Bloch, 2589 
Dehydrochlorinase: DDT; isolation, 
chemical properties, spectrophoto- 
metric assay, Lipke and Kearns, 


2123 

—; substrate and cofactor specificity, 
Lipke and Kearns, 2129 
Dehydrogenase: Activity, tissues, 
scurvy, Banerjee, Biswas, and 
Singhe 9 405 


Alcohol. See Alcohol dehydrogenase 
y-Aminobutyraldehyde. See y-Ami- 
nobutyraldehyde dehydroge 
Choline. See Choline dehydrogenase 
Estradiol-178. See Estradiol-178 de- 


hydrogenase 
Glutamic. See Glutamic dehydro- 
genase 


Giyceraldehyde - 3 - phosphate. See 
Glyceraldehyde-3-phosphate dehy- 
drogenase 

Glyceraldehyde phosphate. See 
Glyceraldehyde dehydrogenase 

a-Glycerophosphatase. See a-Glyc- 
erophosphate dehydrogenase 

a-Glycerophosphate. See a-Glycero- 
phosphate dehydrogenase 

w-Hydroxy-a-amino acid. See w- 
Hydroxy-a-amino acid dehydro- 
genase 

Isocitric. See Isocitric dehydrogen- 

ase 
a-Ketoglutaric, Sanadi, Langley, and 
Searls, 178 
Sanadi, Langley, and White, 
183 
Lactic. See Lactic dehydrogenase 
Liver alcohol; reversible oxidation, 
eyelic secondary alcohols, Merritt 
and Tomkins, 2778 
| ,2-propanediol-1-phosphate. See 
| ,2-propanediol-1-phosphate dehy- 
drogenase, Sellinger and Miller, 
1641 
Ribitol. See Ribitol dehydrogenase 
Succinic. See Succinic dehydrogen- 
ase 
Suecinic semialdehyde. See Succinic 
semialdehyde dehydrogenase 

Dehydroquinic acid: 5-; Phosphoenol- 

pyruvic acid and p-erythrose 4- 
phosphate, conversion to, Srini- 
rasan, Katagiri, and Sprinson, 

713 


Subject Index 


Dehydrosteroids: 1-; Metabolism, Ver- 
meulen and Caspi, 2295 


-Deoxycholic acid: Cholic and, intercon- 


version; bile acids and _ steroids, 
Lindstedt and Samuelsson, 2026 
Formation mechanism, bile acids and 
steroids, Bergstrém, Lindstedt, and 


Samuelsson, 202 
Metabolite, Ratliff, | Matschiner, 
Doisy, Hsia, Thayer, Elliott, and 
Doisy, 3133 


Deoxycorticosterone: Serum albumin, 
preparation and characterization, 
Erlanger, Borek, Beiser, and Lieber- 
man, 1090 

Deoxycytidine diphosphate: Choline; 
metabolic functions, Kennedy, Bor- 
kenhagen, and Smith, 1998 

Ethanolamine; metabolic functions, 
Kennedy, Borkenhagen, and Smith, 
1998 

Deoxycytidylate hydroxymethylase: Ori- 
gin, bacteriophage-infected Escher- 
ichia coli, study, Flaks, Lichtenstein, 
and Cohen, 1507 

Deoxycytidylic acid: Deoxyuridylic acid, 
and thymidylic acid, conversion, 


Maley and Maley, 2975 
Deoxyglucose: 2-; Penetration and 
phosphorylation, in diaphragm, 
Kipnis, and Cori, 171 


Deoxyheptonic acid: 2-Keto-3-. See 
Keto-3-deoxyheptonic acid, 2- 
Deoxypyridoxine: Glycine, serine, and, 
interrelationships, vitamin Beg-de- 
ficient rats; endogenous oxalate 
synthesis, Gershoff and Faragalla, 


2391 
Deoxyribokinase: Lactobacillus plan- 
tarum, Ginsberg, 481 


Deoxyribonuclease: Intercellular dis- 
tribution, pancreas, tissue frac- 
tionation, study, Van Lancker and 


Holtzer, 2359 
II; Sodium and magnesium ions, 
Shack, 3003 


Deoxyribonucleic acid: Biosynthesis, 
chick embryo, Reichard, 
1244, 2719 
Bolinder and Reichari, 2723 
—, Mammalian enzymes, study, 
Mantsavinos and Canellakis, 
628 
Escherichia coli, thymine-5-bromoura- 
cil, Zamenhof, Rich, and De Gio- 
vanni, 2960 
Intracellular distribution, pancreas, 
tissue fractionation, study, Van 
Lancker and Holtzer, 2359 
Thermal conversion, from nonpriming 
to primer, Bollum, 2733 
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Deoxyribonucleotide kinases: Escher 
ichia coli, normal and virus-infected, 
Bessman, 2735 

Deoxyribo - oligonucleotides: Venom 
phosphodiesterase, enzymic degra- 
dation; polynucleotides, study, 
Razzell and Khorana, 2114 

Deoxyribose: Biosynthesis, Escherichia 
coli, Bagatell, Wright, and Sable, 


| 1369 
Labeling, 1- and 2-C™-glycine, in 
liver, Shreeve, 246 


Purine, pyrimidine; origin, Escher- 
ichia coli systems, Loeb and Cohen, 

360 

—, —; —, T6r* bacteriophage, Loeb 
and Cohen, 364 
Deoxy sugars: 2-; Estimation, color met- 
ric method, malonaldehyde-thio- 
barbituric acid reaction, Warav- 
dekar and Saslaw, 1945 
Deoxyuridylic acid: Deoxycytidylic 
acid, conversion, Maley and Maley, 


2975 
Dermestes vulpinus: Sterols, Clark and 
Bloch, 2583 


Diaminopimelic acid: N-Succinyl-.-. 
See N -Succinyl -L-diaminopimelic 
acid 

Diaminopurine: 2,6-, Metabolism; S- 
adenosylmethionine, methy]! donor, 
2-methylamino-6-aminopurine syn- 
thesis, Remy, 1485 

Diaphragm: Acetoacetate, glucose, up- 
take by, Beatty, Peterson, Bocek, 
and West, ll 

2-Deoxyglucose, pentration and 
phosphorylation in, Kipnis and 
Cori, 171 
Embden-Meyerhof enzyme systems; 
differing in cytological location and 
insulin response, Shaw and Stadie, 


2491 

Endogenous’ glycogen, respiration 
support, Neptune, and Foreman, 

1942 


Muscle; labile fatty acids, respira- 
tion maintenance, role, Neptune, 
Sudduth, and Foreman, 1659 

Protein, from carboxylic acids 
and bicarbonate, incorporation, in- 
sulin, effect, Manchester and Krah, 

2938 

Respiration, carboxyl-labeled fatty 
acids, use, Neptune, Sudduth, and 
Fash, 3102 

Diaphorase: Activity; lipoflavoprotein, 
heart mitochondria, isolation and 
properties, Ziegler, Green, and 
Doeg, 1916 
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DDT dehydrochlorinase: Isolation, 
chemical properties, spectrophoto- 
metric assay, Lipke and Kearns, 


2123 
Substrate and cofactor specificity, 
Lipke and Kearns, 2129 


Digitonin: -Fragmented spinach chloro- 
plasts; photophosphorylation, Aou- 
kol, Chow, and Vennesland, 2196 

Mitochondria prepared’ with; re- 
spiratory chain, Devlin, 962 

Diglyceride: Phosphatidic acid synthe- 
sis; brain microsome _ extracts, 
Hokin and Hokin, 1381 

Dihydrolanosterol: 24,25-; Occurrence; 
liver and normal preputial gland, 
comparison, Kandutsch and Russell, 

2037 

Dihydroxyvaleric acid: L-2-Keto-4,5-. 
See Keto-4,5-dihydroxyvaleric 
acid, L-2- 

Dihydrothioctamide: Reversible oxida- 
tion, by diphosphopyridine nucelo- 
tide, Sanadi, Langley, and Searls, 

178 

Dimethylethanolamine: Phosphate es- 
ters, accumulation; Neurospora 
crassa, mutant strain, Wolf and 
Nye, 1068 

Dimethyl-8-ribityllumazine: 6 ,7-; Isola- 
tion, synthesis, metabolic proper- 
ties, Maley and Plaut, 641 

Disks: Intervertebral. See Intervete- 
bral disks 

Disulfide: Amperometric titration, pro- 
teins, 8 M urea, Carter, 1705 

Bonds; hydrogen and, role, antigenic 
structure, ribonuclease, study, 
Brown, Delaney, Levine, and Van 
Vunakis, 2043 

—, ribonuclease activity, relationship, 
Resnick, Carter, and Kalnitsky, 


1711 
Diphosphate: Tetrose. See Tetrose di- 
phosphate 
p-Threose 2,4-. See p-Threose 2,4- 
diphosphate 


Diphosphoacetylglucosamine: Pyro- 
phosphorylase, uridine, Strominger 
and Smith, 1822 

Diphosphoacetylgalactosamine: Uridine, 
preparation, Strominger and Smith, 

1828 

Diphosphoglycerate> 1,3-, Enzymatic 
formation, from 3-phosphoglycer- 
ate, isolation, metabolism, Krimsky, 

228 

Mutase; distribution, Grisolia and 
Joyce, 1335 
—; muscle, purification and properties, 
Joyce and Grisolia, 1330 
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Diphosphoglycerate—Continued: 

2,3-, Wheat germ preparations, phos- 
phoglyceric acid, mutase activity, 
Ito and Grisolia, , 242 
Diphosphoglyceric acid: p-2,3-; Distri- 
bution, Grisolia and Joyce, 1335 
Diphosphopyridine nucleotidases: Ani- 
mal tissue; pyridine derivatives, 
effect, Aaplan, Ciotti, van Eys, and 
Burton, 134 
Diphosphopyridine nucleotide: ‘Analog- 
ues, enzymatic study, Anderson and 
Kaplan, 1226 
—, veast glyceraldehyde-3-phosphate 
dehydrogenase, binding, Stockell, 
1293 
-Cytochrome c¢ reductase, cytochrome 

oxidase, reduction, Cooperstein, 
392 
Dihydrothioctamide, reversible oxi- 
dation by, Sanadi, Langley, and 
Searls, 178 
Glyceraldehyde phosphate dehydro- 
genase activitv, Brenneman and 


Volk, 2443 
Hydrolysis, wheat leaves, ¥ juice, 
Roberts, 655 


Nicotinic acid analogue, formation, 
nicotinamide administration, Lan- 
gan, Kaplan, and Shuster, 2161 

Mitochondrial enzyme systems, rein- 
corporation, Hunter, Malison, Brid- 
gers, Schutz, and Atchison, 693 

Reduced; -coupled reactions, liver and 
kidney, intracellular occurrence, 
Bloom, 2158 

—, enzyme and, complex; fluorimetric 
measurements, Winer, Schwert, and 
Miller, 1149 

—, lactic dehydrogenase, carboxylic 
acids and, ternary complexes; fluo- 


rescence spectra, Winer and 
Schwert, 1155 


—, oxidase; enzymatic catalysis, iso- 
octane extraction, effects, study, 
Igo, Mackler, and Hanahan, 


1312 

—, water and, hydrogen exchange, 
Drysdale, 2399 
3-Substituted; pyridine analogues, 
chemical properties, Anderson, 
Ciotti, and Kaplan, 1219 


System; oxidation-reduction poten- 

tial; temperature effect, Rodkey, 

188 

Yeast glyceraldehyde-3-phosphate de- 

hydrogenase, binding, Stockell, 

1286 

Drosophila lipids: Extraction methods, 
investigation, Wren and Mitchell, 

2823 
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E 
Egg white: Flavoprotein-apoprotein sys- 
tem, Rhodes, Bennett, and Feeney, 
2054 
Ehrlich ascites cells: Nucleic acid bio- 
synthesis, study, Harbers and 
Heidelberger, 1249 
Eicosatrienoic acid: 5,8,11-; origin, fat- 
deficient rat, Fulco and Mead, 
1411 
Elastase: Pancreatic; differentiation, 
other pancreatic proteinases, Lewis, 
Williams, and Brink, 2304 
Electric tissue: Acetylcholinesterase, 
partial purification, Lawler, 799 
Electrolytes: Influence, yeast ribonucleic 
acid, Hummel and Kalnitsky 
1517 
Electron: Acceptors, respiratory chain 
and; mitochondrial a-glycerophos- 
phate dehydrogenase, reaction, 
study, Ringler and Singer, 
2211 
Carriers; reactivity, respiratory chain 
preparations, from heart, Giuditta 
and Singer, 662 
Transport, chain inhibitors, effect; 
anaerobiosis mechanism, prevents 


mitochondria swelling in ritro, 
study, Hunter, Levy, Fink, Schutz, 
Guerra, and Hurwitz, 2176 
—, enzymes, study, Raw and Mahler, 
1867 

—, oxygen, lactobacilli, Strittmatter, 
2789 


—, system, relation to swelling, liver 
mitochondria, study, Corwin and 
Lipset, 2453 

—, mammalian cells; metabolic con- 
trol mechanisms, Chance and Hess, 


2404 
— system, study, Ziegler, Green, and 
Doeg, 1916 


Electrophoresis: Chromatography, pep- 
tide separation, Katz, Dreyer, and 
Anfinsen, 2897 

Embden- Meyerhof: Enzyme systems, in 
diaphragms; differing in cytological 
location and insulin response, Shaw 
and Stadie, 2491 

Embryo: Chick; deoxyribonucleic acid 
biosynthesis, Reichard, 

1244, 2719 

Bolinder and Reichard, 2723 
—; hydroxyproline, tissue proteins, 
incorporation by, Mitoma, Smith, 
Friedberg, and Rayford, 78 
Developing avian, biochemical study, 
Brand and Mahler, 1615 

Endo-polygalacturonase: See Polygalac- 
turonase 


or 
od, 
35 
m 
a- 
14 
14 
£, 
59 
in 
6 
ob 
t- 
v- 
15 
1c 
ic 
r, 
5 
l 
d 
l 
2 
9 
2 


3336 


Endotoxin: Lipopolysaccharide, isola- 
tion, Tauber and Garson, 1391 
Enolase: Yeast; amino acid composition, 
amino-terminal sequence, Malm- 
strém, Kimmel, and Smith, 1108 
Enzyme(s): Activities, connective tis- 
sue, from polyvinyl sponge, Woess- 


ner and Boucek, 3296 
Adenosine specificity, Olmsted and 
Lowe 2971 


Carbobenzoxy-L-tyrosine p-nitro- 
phenyl ester, hydrolysis, Martin, 
Golubow, and Axelrod, 1718 

Choline dehydrogenase; extraction in 
soluble form, assay, and properties, 
study, Rendina and Singer, 1605 

Chrondroitinase, purification and 
properties, Martinez, Wolfe, and 
Nakada, 2236 

— cleavage; distribution and purifica- 
tion, Srere, 2544 

— condensing; reaction mechanism, 
study, Englard, 1004 

Cleaves inositol, p-glucuronic acid, 
purification, properties, study, 
Charalampous, 220 

—; action mechanism, study, Bové, 
Martin, Ingraham, and Stumpf, 


—, Garcinia leaves, Xanthochymus 
guttiferae, Deshpande and Rama- 
krishnan, 1929 

Crystalline; homoserine and cysta- 
thione, Matsuo and Greenberg, 


507, 516 
Electron transport, study, Raw and 
Mahler, 1867 


Estrogen-sensitive system, placenta, 
study, Hollander, Hollander, and 
Brown, 1678 

Formate-activating, from Micrococcus 
aerogenes, purification and proper- 
ties, Whiteley, Osborn, and Huenne- 
kens, 1538 

Fractions, and precursor, resolution, 
blood folic acid system, study, 
Toennies and Phillips, 2369 

Glycolytic. See Glycolytic enzyme 

Histamine-methylating, properties, 
Brown, Tomchick, and Axelrod, 

2948 

Hydroxymethylglutaryl coenzyme- 
condensing; identification and puri- 
fication, Ferguson and Rudney, 

1072 

Inhibition, specific antisera, mamma- 
lian amylases, McGeachin and Rey- 
nolds, 1456 

Insulin-degrading, isolation, beef 
liver, Tomizawa and Halsey, 

307 
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Enzyme(s)—Continued: 

Kidney; t-xylylose formation mech- 
anism, study, Ashwell, Kanfer, and 
Burns, 472 

Liberates protein-bound thioctic acid, 
purification, from yeast, Seaman, 

161 

Mammalian; deoxyribonucleic acid, 
biosynthesis, study, Mantsavinos 
and Canellakis, 628 

Muscle, physical and chemical prop- 
erties; a-glycerophosphate dehydro- 
genase, nonprotein component, van 
Eys, Nuenke, and Patterson, 

2308 

Ornithine-citrulline, properties and 
biotin content, Streptococcus lactis, 
Ravel, Grona, Humphreys, and 


Shive, 1452 
Oxidative, flavin-linked, Lactobacillus 
caset, Strittmatter, 2794 


Polynucleotide phosphorylase, isola- 
tion properties and _ purification, 
Olmsted and Lowe, 2965 

Purine-oxidizing; 6-chloropurine and 
6-chlorouric acid, substrates and in- 
hibitors, Duggan and Titus, 2100 

Reduced diphospyridine nucleotide 
and, complex; fluorimetric measure- 
ments, Winer, Schwert, and Millar, 

1149 

Respiratory, ascites cell, glucose 

effect; metabolic control mecha- 


nisms, Chance and Hess, 2421 
—; isooctane, effect, Pollard and Bieri, 
1907 


Response to glucose and fructose, 
Fitch, Hill, and Chaikoff, 2811 
Retinal, development; prolonged light 
deprivation, effects, Schimke, 
700 

Solubilization and properties; liver 
glucose 6-phosphate, study, Segal 
and Washko, 1937 
Synthesizes cystathionine and deami- 
nates L-serine, Selim and Greenberg, 

1474 
Systems, Embden-Meyerhof, in dia- 
phragms; cytological location and 
insulin response, Shaw and Stadie, 
2491 

Systems, forming acetolactate, in 
Aerobacter aerogenes, Halpern and 


Umbarger, 3067 
—, B-ketoadipate chlorinase, Shaw 
and Hager, 2565 


—, liver; 1-C'*-acetate, mevalonic 
acid, biosynthesis, Knauss, Porter, 
and Wasson, 2835 

—,-—; mevalonic acid, squalene, con- 
version, Witting and Porter, 2841 
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Enzyme(s)—Continued: 

Systems, mitochondria, catalyzing 
adenosine  diphosphate-adenosine 
triphosphate and _ orthophosphate- 
adenosine triphosphate exchange 
reactions, Chiga and Plaut, 3059 

—, mitochondrial; diphospyridine nu- 
cleotide, reincorporation, Huneer, 
Malison, Bridgers, Schutz, and 


Atchison, 693 
Urea cycle, liver, assay methods, 
Brown and Cohen, 1769 


—-—y; Rana catesbeiana tadpoles, 
Brown, Brown, and Cohen, 1775 
Epinephrine: Adipose tissue in vitro, 
lipolytic action, Lopez, White, and 
Engel, 2254 
Ergosterol: Conversion, 22-dehydrocho- 
lesterol, Blattella germanica, Clark 
and Bloch, 2589 
Ergothioneine: Biosynthesis; transmeth- 
ylation, Melville, Ludwig, Inamine, 
and Rachele, 1195 
Erwinia carotovora: Galacturonic and 
glucuronic acids, catabolism, Kilgore 
and Starr, 2227 
Erythrocuprien: Properties, chemical, 
physical, Aimmel, Markowitz, and 
Brown, 46 

See also Erythrocyte cuproprotein 

Erythrocyte(s): See also Blood cell 
Cuproprotein; isolation, properties, 
Markowitz, Cartwright, and Wint- 
robe, 40 
Ghosts, nucleosides, hypoxanthin pro- 

duction, McLellan and Lionetti, 
3243 
Glutathione peroxidase, purification 
and properties, Mills, 302 
Nucleated, glycine, utilization, Dajani 
and Orten, 877 
Phloretin and analogues, attachment; 
connection, sugar transport inhibi- 
tion, LeFevre and Marshall, 
3022 
Erythrose 4-phosphate: p-; Conversion, 
to 5-dehydroquinie acid, Srin- 

vasan, Katagiri, and Sprinson, 

713 
Escherichia coli: Acetate-C', utiliza- 
tion, Glasky and Rafelson, 2118 
Bacteriophage-infected, deoxycytidy- 
late hydroxymethylase, origin, 
study, Flaks, Lichtenstein, and 


Cohen, 1507 
— —, thymidylate synthetase, Flaks 
and Cohen, 2981 


Extracts; adenosine deaminase and 
adenosine nucleoside phosphoryl- 
ase, properties, Koch and Vallee, 

1213 
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Escherichia coli—Continued: 

Folic acid metabolism, pyrimetha- 
mine, effect, Wood and Hitchings, 
2377 

Imidazole ring, origin, histadine, 
Neidle and Waelsch, 586 

B; 2-keto-3-deoxyheptonic acid, for- 
mation, identification, Wetssbach 


and Hurwitz, 705 
—;-—— —, formation enzymic study, 
Hurwitz and Weissbach, 710 


Normal and virus-infected; deoxyri- 
bonucleotide kinases, Bessman, 
2735 
Ribose and deoxyribose, biosynthesis, 
Bagatell, Wright, and Sable, 
1369 
Svstems, purine and pyrimidine de- 
oxyribose, origin, Loeb and Cohen, 
360 
Thymine-5-bromouracil, deoxyribo- 
nucleic acids, Zamenhof, Rich, and 
De Giovanni, 2960 
Thymine-requiring, T2, T5 bacterio- 
phages, thymidylate synthetase, 
Barner and Cohen, 2987 
Esters: Liver cholesterol. See Liver 
cholesterol esters 
Esterase: Pro-. See Proesterase 
Estradiol-178 dehydrogenase: Estrogen- 
sensitive transhydrogenase, separa- 
tion, Hagerman and Villee, 


2031 
Placental, Langer, Alexander, and 
Engel, 2609 


Estriol: Formation; metabolism, C-16, 
oxygenated steroids, by placenta, 
Ryan, 2006 

Estrogen: Biosynthesis, by testis, Ny- 
man, Geiger, and Goldzieher, 16 

-Sensitive enzyme system, placenta, 
study, Hollander, Hollander, and 
Brown, 1678 

-Sensitive transhydrogenase, separa- 
tion, estradiol-178 dehydrogenase, 
Hagerman and Villee, 2031 

Estrone: Serum albumin, preparation 
and characterization, Erlanger, 
Borek, Beiser, and Lieberman, 

1090 

Ethanol: Metabolism. See under Me- 
tabolism 

Ethanolamine: Deoxycytidine diphos- 
phate. See Deoxycytidine diphos- 
phate ethanolamine 

Ethionine: pL-; Fatty acid oxidation, 
livers, Artom, 2259 

Ethylene: Oxide; histidine, methionine, 
and cysteine, reaction, Wind- 
mueller, Ackerman, and Engel, 

7 895 
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Ethylene: Oxide; nicotinamide, nicotinic 
acid, reaction, Windmueller, Acker- 
man, Bakerman, and Mickelsen, 

889 


F 


Fat(s): Carbohydrate, conversion, pea- 
nut and sunflower seedlings, Brad- 


beer and Stumpf, : 498 
Metabolism, in plants, Bradbeer and 
Stumpf, 498 
Martin and Stumpf 2548 
Fatty acid(s): Absorption, isolated in- 
testine, Johnston, 1065 


Carboxyl-labeled, use, diaphragm res- 
piration, Neptune, Sudduth, and 
Fash, 3102 

Heart mitochondria, lipoprotein frac- 
tions, Holman and Widmer, 

2269 

Labile; diaphragm muscle, respiration 
maintenance, role, Neptune, Sud- 
duth, and Foreman, 1659 

Long chain, biochemistry, general ob- 
servations, Dittmer and Hanahan, 


1976 

— —, —; metabolic studies, Dittmer 

and Hanahan, 1983 

— —, a-oxidation, Martin and 

Stumpf, 2548 
Metabolism, Fulco and Mead, 

1411 

Oxidation, livers; pu-ethionine, Ar- 


tom, 2259 
Synthesis; prolactin in vitro, effects, 
adipose tissue, Winegrad, Shaw, 


Lukens, and Stadie, 3111 
Tubercle bacillus, complexity, Agre 
and Cason, 2555 


— —, separation, gas chromatog- 
raphy; oleic acid identification, Ca- 


son and Tavs, 1401 
Ferrous iron: 5’-Nucleotidase, activated 
by, Herman and Wright, 122 


Flavin: Coenzymes; oxidation catalysis, 
nitrogen compounds, in_ light, 
Frisell, Chung, and Mackenzie, 

1297 
-Linked oxidative enzymes, Lacto- 
bacillus casei, Strittmatter, 2794 

Flavoprotein:-Apoprotein system, egg 

white, Rhodes, Bennett, and Feeney, 
2054 


Fluorenylacetamide: N-2; Injection; N- 


(6-hydroxy -2-fluroenyl)acetamide, 

urinary metabolite, Weisburger, 

Weisburger, Grantham, and Morris, 

2138 

Fluoroacetyl phosphate: Enzymatic re- 
actions, Marcus and Elliott, 

1011 


3337 


Fluorouridine 5’-phosphate: 5-; enzy- 
matic synthesis, Dahl, Way, and 
Parks, 2998 

Folic acid: -Active substances, from 
blood, chromatographic resolution, 
study, Usdin, 2373 

Blood, system, precursor, enzyme 
fractions resolution, study, Toen- 
nies and Phillips, 2369 

Metabolism, Streptococcus faecalis 
and Escherichia coli, pyrimetha- 
mine, effect, Wood and Hitchings, 


2377 

Naturally occurring forms, Donaldson 
and Keresztesy, 3235 
Nucleic acid synthesis, Mehta, 


Vaughn, Wagle, Barbee, Mistry, and 

Johnson, 625 
Uptake and degradation, by bacteria, 

study, Wood and Hitchings, 


2381 
Formaldehyde: -Hemoglobin reaction, 
Guthe, 3169 


Formate: -Activating enzyme, from Mi- 
crococcus aerogenes, purification and 
properties, Whiteley, Osborn, and 
Huennekens, 1538 

-C™, Incorporation of, in vivo; nico- 
tinamide, effect of, Shuster and 
Goldin, 129 

Metabolism; animal tissues, Oro and 
Rappoport, 1661 

Oxidation, CO.; liver homogenates; 
Schulman and Richert, 1781 

—, mechanism, Oro and Rapport, 

1661 

Formic acid: Anhydrous; trypsin, re- 
versible inactivation, Smillie and 
Neurath, 355 

Formiminoglutamic acid: Metabolism; 
enzymatic formation, formimino- 
tetrahydrofolic acid, 5,10-meth- 
enyltetrahydrofolic acid, and 10- 
formyltetrahydrofolic acid, Tabor 
and Wyngarden, 1830 

Formiminotetrahydrofolic acid: Enzy- 
matic formation, metabolism, for- 
miminoglutamic acid, Tabor and 
W yngarden, 1830 

Formyl: Donors; transformylation reac- 

_ tions, identification, Hartman and 
Buchanan, 1812 

Formyltetrahydrofolic acid: 10-; Enzy- 
matic formation, metabolism, for- 
miminoglutamic acid, Tabor and 


W yngarden, 1830 
Fructose: Enzyme activity, Fitch, Hill, 
and Chaikof, 2811 


Glycolytic enzyme activities, Liver, 
effect, Fitch, Hill, and Chaikoff, 
1048 
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Galactose: p-, Accumulation, gradient 
concentration, kidney cortex slices, 


Krane and Crane, 211 
Liver glycogen, conversion, Siu and 
Wood, 2223 


Oxidase, Polyporus circinatus, Fr., 
Cooper, Smith, Bacila, and Medina, 
445 

Space; eviscerate rat; phlorizin inhibi- 
tion, insulin expansion, Aeller and 


Lotspeich, 995 
Galacturonase: Endo-poly-. See Endo- 
polygalacturonase 


Galacturonic acid: Catabolism; Erwinia 
carotovora, Kilgore and Starr, 
2227 
Gallic acid: Metabolic fate, Booth, 
Masri, Robbins, Emerson, Jones, 
and DeEds, 3014 
Gamma globulin: Fractionation, anion 
exchange, cellulose columns, Fahey, 
and Horbett, 2645 
Garcinia: Leaves; Xanthochymus gutti- 
ferae, enzyme, condensing, Desh- 
pande and Ramakrishnan, 1929 
Gastric juice: Gastricsin, isolation and 
crystallization, Tang, Wolf, Caputto, 
and Trucco, 1174 
Gastricsin: Gastric juice, isolation and 
crystallization, Tang, Wolf, Caputto, 
and Trucco, 1174 
Gelatin: Hydroxy-t-proline and L-pro- 
line, isolation method, Levine, 
1731 
Gentian violet: Staphylococcus aureus, 
inhibited; uridine and cytidine nu- 
cleotides, accumulation, Strominger, 
1520 
Gland: Adrenal. See Adrenal gland 
Salivary. See Salivary glands 
Globin: Adult and fetal, light scattering 
and sedimentation, Rossi-Fanelli, 
Antonini, and Caputo, 2906 
Globulins: 8-Lacto-. See Lactoglobu- 
lins, 8- 
Glucocorticosteroid(s): ‘Transaminase 
activity, Rosen, Roberts, and Nichol, 
476 
Glucomannan: -Protein complexes, 
yeasts, cell walls, Kessler and Nick- 
erson, 2281 
Gluconeogenesis: Glutamic-pyruvic 
transaminase, activity, Rosen, Ro- 
berts, and Nichol, 476 
Glucosamine: Biosynthesis, study, Spiro 
742 
Glucose: Absorption, intestine, phos- 
phorylation, role, Landau and Wil- 
son, 749 
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Glucose—Continued: 
-C™; $%5 and C™ association rate in 
plasma protein fractions, after as- 
ministration of, Richmond, 
2713 
Concentrations, metabolic patterns, 
adipose tissue, Jeanrenaud and 
Renold, 3082 
Diaphragm, muscle, uptake by, 
Beatty, Peterson, Bocek, and West, 


‘11 
Dissimilation, Streptomyces olivaceus, 
Mattra and Roy, 2497 


Distribution, plasma and muscle, 

study, Kipnis, Helmreich, and Cori, 

165 

—and utilization, isolated lymph node 
cels, Helmreich and Eisen, 


1958 
Enzyme activities, Fitch, Hill, and 
Charkoff, 2811 


Hepatic; response, insulin, unanesthe- 
tized dog, Shoemaker, Mahler, Ash- 
more, Pugh, and Hastings, 1631 

Labeling, by 1- and 2-C"-glycine, in 


liver, Shreeve, 246 
Liver glycogen, conversion, Siu and 
W ood, 2223 


Metabolism; adipose tissue, growth 
hormone in vitro, effect, Winegrad, 
Shaw, Lukens, Stadie, and Renold, 

1922 

—, glucuronic acid pathway, study, 
Eisenberg, Dayton, and Burns, 

250 

Oxidation, whole-body x-irradiation, 
effect, in vitro, small intestine mu- 
cosa, Kay and Entenman, 1634 

-Oxygen titrations, ascites tumor cells, 
Hess and Chance, 3031 

Respiratory enzymes, ascites cell, 
effect; metabolic control mecha- 


nisms, Chance and Hess, 2421 
Utilization, insulin effect, Ball, Mar- 
tin, and Cooper, 774 
Glucose 6-phosphatase: Liver, study, 
Segal and Washko, 1937 


Glucose 6-phosphate: Crystalline bar- 
rium; preparation method, Orlow- 


ski, 1651 
Hepatic; normal and diabetic rats, 
Steiner and Williams, 1342 


Glucuronic acid: Catabolism, Erwinia 
carotovora, Kilgore and Starr, 


p-, Cleaves inositol to, by enzyme, 
purification, properties, study, 
Charalampous, 220 

Glucose metabolism, pathway, study, 
Eisenberg, Dayton, and Burns, 

250 


Glyceraldehyde-3-phosphate dehydro- 
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Glucuronides: Salicyl, biosynthesis, by 
tissue slices, Schacter, Kass, and 
Lannon, 201 

Steroid; in plasma, isolation, charac- 
terization, measurement, Cohn and 
Bondy, 3] 

Glutamate: Metabolism, variation, in- 

jection site, Wilson and Koeppe, 
1186 

Glutamic acid: Accumulation, lactic acid 
bacteria, Holden and Holman, 

865 

Accumulation, Vitamin Bg deficiency, 
effect, Lactobacillus arabinosus, Hol- 
den, $72 

Glutamic-y-aminobutyric transaminase: 
Distribution, nervous system, Sal- 


vador and Albers, 922 
Glutamic aspartic transaminase: J/en- 
kins and Sizer, 1179 
Inhibition, Isoniazid, Jenkins, Orlow- 
ski, and Sizer, 2657 
Assay purification, properties, Jen- 
kins, Yphantis, and Sizer, 51 


Glutamic decarboxylase: Nervous sys- 
tem, distribution, Albers and Brady, 


926 

Glutamic dehydrogenase: Frieden, 
809, 815, 2891 
Liver, inhibition, metal - binding 


agents, Adelstein and Valee, 824 
Glutamic-pyruvic transaminase: Activ- 
ity, gluconeogenesis, Rosen, Roberts, 
and Nichol, 476 
Glutamine: Synthetase and glutamo- 
transferase, of brain; manganous 
and magnesium ions concentration, 
effect, Greenberg and Lichtenstein, 
2337 
Glutamotransferase: Manganous and 
magnesium ions, concentration, 
effect; brain, Greenberg and Lichten- 
stein, 2337 
Glutamyl: y-, Transpeptidase; amino 
acids, glutathione reaction, Revel 
and Ball, 577 
Glutathione: Peroxidase, erythrocytes, 
purification and properties, Mulls, 
502 


Reaction; amino acids, y-glutamyl 
transpeptidase, Revel and Ball, 
577 


genase: Yeast; diphosphopyridine 
nucleotide, binding, Stockell, 

1286, 1293 

Glyceraldehyde: Phosphate dehydro- 

genase activity; triphosphopyridine 

nucleotide, diphosphopyridine nu- 
cleotide, Brenneman and Volk, 

2443 
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Glyceraldehyde—Continued: 
3-Phosphate dehydrogenase; tetrose 
diphosphate, specific inhibitor, 
Racker, Klybas, and Schramm, 
2510 
—-— —, pD-; p-threose 2,4-diphos- 
phate inhibition, Fluharty and Bal- 


lou, | 2517 
Glyceric acid(s): Colorimetric assay 
methods, Bartlett, 469 


Glyceride: -Glycerol, precursors, in in- 
testinal mucosa, Buell and Reiser, 


217 
—, synthesis, Cahill, Leboeuf, and 
Renold, 2540 


Glycerol: Glyceride-. See Glyceride- 
glycerol 
Glycerol: Orthophosphate monoester, 
prostatic acid phosphatase, kinetics 
of hydrolysis, Nigam, Davidson, and 
Fishman, 1550 
Glycerolphosphatides: Glycerophos- 
phate, cyclic, formation, Maruo 
and Benson, 254 
Glycerophosphate: Cyclic, formation, 
from glycerolphosphatides, Maruo 
and Benson, 254 
a-; Oxidation, mitochondria, thyroid- 
fed rats, Lee, Takemori, and Lardy 
3051 
Glycerophosphate dehydrogenase: a-; 
Mitochondrial, study, Ringler and 
Singer, 2211 
—, Nonprotein component; crystal- 
line rabbit muscle enzyme, physical 
and chemical properties, Van Eys, 
Nuenke, and Patterson, 2308 
Glycine: C4; S**and association rate 
in plasma protein fraction, after ad- 
ministration, Richmond, 2713 
1- and 2-C"-, glucose, ribose, and de- 
oxyribose labeling, in liver, Shreeve, 
246 
Growth support, ability, mammalian 
cells in culture, Hakala and Taylor, 


126 
Oxidation, CO2; liver homogenates; 
Schulman and Richert, 1781 


Serine, deoxypridoxine, and; interre- 
lationships, vitamin  Bg-deficient; 
endogenous oxalate synthesis, Ger- 


shoff and Faragalla, 2391 
Utilization, nucleated erythrocyte, 
Dajani and Orten, 877 


Glycogen: Endogenous; diaphragm, res- 
_piration support, Neptune and Fore- 
man, 1942 

Liver. See under Liver 
Synthesis, Cahill, Leboeuf, and Renold, 
2540 
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Glycolate: Biosynthesis, ribose-1-C"™, in 
tobacco leaves, Griffith and Byer- 
rum, 762 

Glycolic acid: Relation, respiration and 
photosynthesis, in tobacco leaves, 
Zelitch, 3077 

Glycolipide(s): Brain, biosynthesis, 
study, Moser and Karnovsky, 

1990 

Glycolysis: Ascites tumor cells, Wu and 
Racker, 1029 

HeLa cells, limiting factors, Wu, 
2806 
Reversal, in reconstructed system, 
pyruvate kinase reaction and py- 
ruvate phosphorylation, Arimsky, 
232 

Glycolytic enzyme: Activities; liver fruc- 
tose feeding, effect, Fitch, Hill, and 


Chaikoff, 1048 
Glycolytic intermediates: Human red 
cell, Bartlett, 449 


Isolation methods, column chroma- 
tography, ion exchange resins, Bart- 

lett, 459 
Glycolytic pathways: Mammary glands, 
lactating and nonlactating rats, 
Abraham and Chaikoff, 2246 
Glycoprotein: a,-Acid, structure, study, 
Schmid, Bencze, Nussbaumer, and 


Wehrmiiller, 529 
Goitrin: from cabbage, Altamura, Long, 
and Hasselstrom, 1847 


Granuloma: Carrageenan; ascorbic acid 
relation, proline conversion, to hy- 
droxyproline, collagen synthesis in, 
Robertson, Hiwett, and Herman, 

105 

Growth: Bacterial, lipide stimulation, 
Hofmann, O’Leary, Yoho, and Liu, 


1672 
Factors; mammalian cells, culture, 
and Ove, 2754 


Hormone; in vitro, glucose metabo- 
lism, adipose tissue, effect, Wine- 
grad, Shaw, Lukens, Stadie, and 
Renold, 1922 

Phase and _ bacterial composition, 
Toennies, Bakay, and Shockman, 

3269 

Purine and thymine derviatives, gly- 
cine, support, ability, mammalian 
cells, in culture, Hakala and Taylor, 

126 
Guanidine hydrochloride: Crystalline 
papain, activity and optical rota- 
tion, effect, Hill, Schwartz, and 
Smith, 572 
Guanidinobutyric acid: y-; Isolation, 
from brain, Jrrevere and Evans, 
1438 


3339 


H 

Hair protein: S*°-amino acids, incorpora- 
tion, rate, Fleischer, Vidaver, and 
Haurowitz, 2717 
Heart: Lactic dehydrogenase, coenzyme- 
binding; fluorescence study, Shifrin, 
Kaplan, and Ciotti, 1555 
Mitochondria; fatty acids, lipoprotein 

fractions, Holman and Widmer, 
2269 
—; lipoflavoprotein, diaphorase ac- 
tivity, isolation and _ properties, 
Ziegler, Green, and Doeg. 1916 
—, pH effect, respiratory, phos- 
phorylative, and transfer activities, 

study, Chance and Conrad, 

1568 
Muscle; triphosphopyridine nucleo- 
tide-cytochrome c reductase, Lang 
and Nason, 
Respiratory chain preparations, re- 
activity, electron carriers, Guiditta 


and Singer, 662 
HeLa cells: Glycolysis, limiting factors, 
Wu, 2806 
Hemoglobin: Formaldehyde-; reaction, 
Guthe, 3169 
Mercapto-mercapto interactions, Mu- 
rayama, 3158 


Serum albumin and, optimum pH, 
pepsin action, study, Schlamowitz 


and Peterson, 3137 
Synthesis, pathway interruption, 
valine analogue, Rabinovitz and Me- 
Grath, 2091 
Heparin: Enzymatic sulfation, Aorn, 

1647 

Isolation, mast cell tumor, Korn, 
1325 
Synthesis; mast cell tumor slices, 
Korn 1321 


Heptacarboxylic porphyrin: Porphyria 
cutanea tarda; infrared spectra, 


Chu and Chu, 2751 
isolation and _ properties, 
Chu and Chu, 2741 


—-—-—; preparation, by decarbox- 
vlation of uroporphyrins, Chu and 
Chu, 2747 

Hexacarboxylic porphyrin: Porphyria 
cutanea tarda; infrared spectra, 


Chu and Chu, 2751 
—-—-—-; isolation and _ properties, 
Chu and Chu, 2741 


—-—-—-; preparation by decarboxy- 
lation of uroporphyrins, Chu and 
Chu, 2747 

Hill reaction oxidants: Catalytic cofac- 
tors, interactions, photosynthetic 
phosphorylation, Avron and Jagen- 
dorf, 1315 


] 

] 


3340 


Histidase: Liver, activity, Auerbach and 
Waisman, 304 
Histidine: Ethylene oxide reaction, 
Windmueller, Ackerman, and Engel, 
895 
Imidazole ring, origin, Escherichia 
coli, Neidle and Waelsch, 586 

L-; Metabolism, Brown and Kies, 
3182, 3188 
Histamine: -Methylating enzyme, prop- 
erties, Brown, Tomchick, and Azel- 
rod, 2948 
Homocysteine: S-Adenosyl-L-homocys- 
teine, enzymatic synthesis, de la 


Haba and Cantoni, 603 
Homogenates: Liver. See Liver ho- 
mogenates 


Homoserine: Cystathione and; crystal- 
line enzyme, Matsuo and Greenberg, 
+507, 516 
Hormonal control: Metabolism, pectic 
substances, Albersheim and Bonner, 
3105 
Hormone: Growth. See Growth hor- 
mone 
Interstitial cell-stimulating; pituitary 
glands, purification and properties, 
Squire and Li, 520 
Parathyroid, isolation, after extrac- 
tion with phenol, Aurbach, 3179 
See also Parathormone 

Steroid; influence on muscle; vitamin 
E deficiency, study, Rosenkrantz, 
35 
Hyaluronic acid: Group A streptococ- 
cus, biosynthesis, Markoritz, Cifo- 
nelli, and Dorfman, 2343 
Hydantoin-5-propionic acid: L-; en- 
zymatic formation, Brown and 
Kies, 3182 
Hydrase: Acetylenemonocarboxylic 
acid, Yamada and Jakoby, 941 
Hydrogen: Bonds, disulfide and, role, 
antigenic structure, ribonuclease, 
study, Brown, Delaney, Levine, and 
Van Vuntkis, 2043 
Donors; oxidation, peroxidase system; 

thyroxine effect, Alebanoff, 


2437 
Oxidation; Clostridium kluyveri, Kin- 
sky, 973 


Reduced diphosphopyridine nucleo- 
tide and water, exchange, Drysdale, 
2399 

Hydrogen ion concentration: Prostatic 
acid phosphatase, purification pro- 
cedure, simplified, Davidson and 
Fishman, 526 
Hydroxy-a-amino acid dehydrogenase: 
w; Neurospora crassa, purification, 
properties, } ura and Vogel, 339 
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Hydroxyanthranilic acid: 3-; Liver, oxi- 
dase, Stevens and Henderson, 
1188 
—; Metabolism, Moline, Walker, and 
Schweigert, 880 
Hydroxyaspartic acid: N-Carbamyl-. 
See N-Carbamylhydroxyaspartic 
acid 
Hydroxybutyrate: B-; Metabolism, per- 
fused bovine udder, Kumar, Laksh- 
manan, and Shaw, 754 
Hydrocortisone: Independence, trypto- 
phan pyrrolase inductions, Civen 
and Knox, 1787 
Hydroxy-2-fluorenylacetamide: JN-6-; 
Urinary metabolite, after injection, 
N-2-fluorenylacetamide, Weisbur- 
ger, Weitsburger, Grantham, and 
Morris, 2138 
Hydroxyguanidine: Enzymatic reduc- 
tion, Walker and Walker, 1481 
Hydroxylamine: -Dependent degrada- 
tion, adenosine triphosphate, Au- 
pieckt and Coon, 2428 
Hydroxylase: Hepatic kynurenine; ribo- 
flavin, Stevens and Henderson, 
1191 
Hydroxylation: Phenylalanine-, cofac- 
tor, study, Kaufman and Levenberg, 
2683 
Hydroxylysine: Free; failure of hy- 
droxylysine of lysine as source of 
collagen, Sinex, Van Slyke, and 
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Hydroxy-A‘*-pregnenolone: 17a-; Secre- 
tion, adrenal gland; adrenocortico- 
-tropin stimulation, Carstensen, Oer- 
tel, and Erk-Nes, 2570 
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acetyl imidazole reactions with 
water and oxygen anions, Jencks 
and Carriuolo, 1272 

—, catalysis: Jencks and Carriuolo, 
1280 
Ring; origin, histidine, Escherichia 
coli, Neidle and Walesch, 586 

Imidazolone-5(4)-propionic acid: 4(5); 
Urocanase activity product, en- 
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tose space, eviscerate rat, Keller and 


Lotspeich, 995 
Glucose utilization, effect, Ball, Mar- 
tin, and Cooper, 774 


Hepatic glucose response; unanesthe- 
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Reduction, by liver extracts, Nara- 
hara and Williams, 71 
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tions, Morris and Chaikoff, 1095 


Subject Index 


Intestine—Continued: 

Small, mucosa glucose oxidation, 
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femur, Van Reen, 1951 
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dative enzymes, Strittmatter, 


2794 
Lactobacillus plantarum: Deoxyribo- 
kinase, Ginsberg, 481 


Lactoglobulin(s): 8-, A and B; physico- 
chemical comparison, Tanford and 


Nozaki, 2874 
Carboxypeptidase, action, Davie, 
Newman, and Wilcox, 2635 
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rats, ascorbic acid synthesis, toco- 
pherol, Carpenter, Kitabchi, McCay, 


and Caputto, 2814 
3-Hydroxyanthranilic acid oxidase, 
Stevens and Henderson, 1188 
Insulin-degrading enzyme, isolation, 
Tomizawa and Halsey, 307 
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Escherichia coli, pyrimethamine, 
effect, Wood and Hitchings, 


2377 
Formate; animal tissues, Oro and 
Rappoport, 1661 


Formiminoglutamic acid; enzymatic 
formation, formiminotetrahydrofo- 
lic acid, 5,10-methenyltetrahydro- 
folic acid, and 10-formyltetrahydro- 
folic acid, Tabor and Wyngarden, 

1830 

Glucose; adipose tissue, growth hor- 
mone, in vitro, effect, Winegrad, 
Shaw, Lukens, Stadie, and Renold, 

1922 

—, glucuronic acid pathway, study, 
Eisenberg, Dayton, and Burns, 
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Metabolism—Continued: 
Glutamate, variation; injection site, 
Wilson, and Koeppe, 1186 
L-Histidine, Brown and Kies, 


3182, 3188 
Hormonal control, pectic substances, 
Albersheim and Bonner, 3105 
3-Hydroxyanthranilic acid, Moline, 
Walker, and Schweigert, 880 
Hydroxyproline; a-ketoglutarate con- 
version, Pseudomonas extracts, 
Adams, | 2073 
I'3!_labeled iodine, thyroxine, triiodo- 
thyronine, mammary gland, Poster, 
Tong, and Chaikoff, 350 
Intestinal, C'-phytosterols, Swell, 
Trout, Field, and Treadwell, 
2286 
In witro, acetate; refeeding, effect, 
Emerson, Bernards, Van Bruggen, 
435 
In vivo, acetate; refeeding, effect, 
Cockburn and Van Bruggen, 431 
Leucine; carotene biosynthesis, Chi- 
chester, Yokoyama, Nakayama, Luk- 
ton, and Mackinney, 098 
Mammalian cells (MB _ III strain, 
mouse lymphoblasts) growing in 
vitro, Bailey, Gey and Gey, 1042 


Methyl-labeled S-methylcysteine, 
Horner and Kuchinskas, 2935 
Mitochondria, phlorizin effects, Keller 
and Lotspetch, 987 
Organic acids, tobacco leaves, Vickery, 
1363 

Pantothenic acid, Brown, 370 
Phosphoserine, Neuhaus and Byrne, 
109, 113 

Propionic acid, Vagelos, Earl, and 
Stadtman, 490 

— —, Vagelos, Earl, and Stadtman, 
765 

Vagelos and Earl, 2272 
— —, animal tissues, T%etz and Ochoa, 
1394 


Pyrimidine; liver, normal and _re- 
generating comparison, Canellakis, 
Jaffe, Mantsavinos, and Krakow, 

2096 

Pyruvate, routes, Koeppe, Mourkides, 
and Hill, , 2219 

Retina, Futterman and Kinoshita, 

723 

—; lactic dehydrogenase, hetero- 
geneity and properties, Futterman 
and Kinoshita, 3174 

p-Serine, Minthorn, Mourkides, and 
Koeppe, 3205 

L-Serine, Minthorn, Mourkides, and 
Kueppe, 3205 


Mi 


Met 


Me 
Me 
Me 
Met 


t 
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Metabolism—Continued: 
Serotonin (5-hydroxytryptamine) 
MclIsaac and Page, 858 


pL-Tryptophan-aC™, Gholson, Hen- 
derson, Mourkides, Hill, and 
Koeppe, 96 
Tryptophan; liver and kidney tissue, 
riboflavin deficiency, effect, Syli- 
anco and Berg, 912 
Metabolite(s): 20a- and 208-hydroxy, 
isolation; metabolism, 1-dehydro- 
steroids, Vermeulen and Caspi, 
2295 
N-Methyl-4-pyridone-5-carboxamide; 
nicotinic acid, urine, Chang and 
Johnson, 1817 
Urinary; coumarin and o-coumaric 
acid, Booth, Masri, Robbins, Emer- 
son, Jones, and DeEds, 946 
Metal(s): Amino acids and; cellular up- 
take, interrelationships, Pal and 


Christensen, 613 
-Amylases, Vallee, Stein, Sumerwell, 
and Fischer, 2901 


-Binding agents; liver glutamic dehy- 
drogenase, inhibition, Adelstein and 


Vallee, 824 
Peroxidase-catalyzed oxidations, 
Mudd and Burris, 2774 


Menandione: -Dependent enzymic hy- 
drolysis, p-nitrophenyl phosphate, 
Stadtman, 636 

Methenyltetrahydrofolic acid: 5,10-; 
Enzymatic formation, metabolism, 
formiminoglutamic acid, Tabor and 


W yngarden, 1830 
Methionine: Adenosyl-. See Adenosy]- 
methionine 
Ethylene oxide reaction, Windmueller, 
Ackerman, and Engel, 895 - 
Iodoacetate reaction, Gundlach, 
Moore, and Stein, 1761 
Liver, biosynthesis, Stevens and Sa- 
kami, 2063 


Methylamino-6-aminopurine: 2-; Syn- 
thesis, S-adenosylmethionine, 
methyl donor; 2,6-diaminopurine 
metabolism, Remy, 1485 

Methylaspartase: 6-, Purification and 
properties, Barker, Smyth, Wilson, 
and Weissbach, 320 

Methyl-3-butenyl-l-pyrophosphate: 3-; 
Synthesis, Yuan and Bloch, 2605 

Methylcysteine: S-; Metabolism, 
methyl-labeled, Horner and Kuch- 
inskas, 2935 

Methylglutaryl: B-Hydroxy-B-. See 
Hydroxy-8-methylglutary], B- 

Methyl groups: Cholesterol, oxidation, 
carbon dioxide, liver, Whitehouse, 
Staple, and Gurin, 276 


Subject Index 


Methylhistidine: L-; Excretion, vitamin 
E-deficient rabbits, Fink, Williams, 
and Fink, 1182 
Methyl-7-hydroxy-8-ribityllumazine: 6-; 
Isolation, Ashbya gossypii, chemical] 
structure, Plaut and Maley, 
3010 
Methyl-4-pyridone-5-carboxamide: .\-; 
Metabolite, nicotinic acid, urine, 
Chang and Johnson, 1817 
Mevalonic acid: Biosynthesis, 1-C'*- 
acetate, liver enzyme _ system, 
Knauss, Porter, and Wasson, 
2835 
Pyrophosphate; isopentenylpyrophos- 
phate, Bloch, Chaykin, Phillips, and 
de Waard, 2595 
Squalene, biogenesis mechanism, Rill- 
ing and Bloch, 1424 
—, rat liver enzyme system, Witting 
and Porter, 2841 
Tomato carotenoids, incorporation, 
Purcell, Thompson, and Bonner, 
1081 
Micrococcus aerogenes: [Formate-ac- 
tivating enzyme; purification and 
properties, Whiteley, Osborn, and 
Huennekens, 1538 
Microfluorometry: Reduced pyridine 
nucleotide, localization and_ ki- 
netics, living cells, Chance and 


Thorell, 3044 
Microsome(s): Brain. See Brain mi- 
crosomes 


Liver; ribonucleoprotein, ultracen- 
trifugal study, Hamilton and Peter- 
mann, 1441 

Mitochondria: Anaerobiosis mechanism, 
prevents swelling in vtiro; electron 
transport chain inhibitors, effect; 
study, Hunter, Levy, Fink, Schutz, 
Guerra, and Hurwitz, 2176 

Ascites tumor cells, crossover phe- 
nomena; metabolic control mech- 
anisms, Chance and Hess, 2413 

Brain; glycolytic and oxidative phos- 
phorylative studies, Abood, Brunn- 


graber, and Taylor, 1307 
Enzyme system, catalyzing adenosine 
diphosphate-adenosine triphos- 


phate and orthophosphate-adeno- 
sine triphosphate exchange reac- 
tions, Chiga and Plaut, 3059 
Heart; fatty acids, lipoprotein frac- 
tions, Holman and Widmer, 2269 
—; lipoflavoprotein, diaphorase ac- 
tivity, isolation and _ properties, 
Ziegler, Green, and Doeg, 1916 
Mitochondria: Liver; cytochrome bs, 
electron transport enzymes, study, 
Raw and Mahler, 1867 
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Mitochondria—Continued: 
Liver, heart; pH effect, respiratory, 
phosphorylative, and transfer ac- 
tivities, study, Chance and Conrad, 


1568 

—, oxaloacetic decarboxylase, Corwin, 
1338 

—; oxidative phosphorylation, sta- 
bility, Weinbach, 1580 
—,— —, —, role in swelling, study, 
Lipsett and Corwin, 2448 


—, study; electron transport system, 
relation to swelling, Corwin and 
Lipset, 2453 

—, succinate oxidation, regulation, 
vitamin E, effect, Corwin and 
Schwarz, 191 

—; thyroxine-induced swelling, re- 
versal; adenosine triphosphate, Leh- 
ninger, 2187 

—; ultraviolet light, oxidative phos- 
phorylation, vitamin K, effect, 
Anderson and Dallam, 409 

—-, uncoupling and swelling agent, 
enzymic formation, Lehninger and 


Remmert, 2459 
Metabolism, phlorizin effects, Aeller 
and Lotspeich, O87 
Oxidative phosphorylation, Weinbach 
and Garbus, 412 
—  —, ribonuclease, effect, //anson, 
- 1303 
Prepared with digitonin, respiratory 
chain, Devlin, 962 
Ultraviolet light, effect, Beyer, 
HSS 
Mitochondrial degeneration: [Fatty 


changes, carbon tetrachloride fatty 
liver, biochemical changes, Reck- 
nagel and Anthony, 1052 
Monoamine oxidase: 1|-Isonicotiny|]-2- 
isopropylhydrazine, action, Barsky, 
Pacha, Sarkar, and Zeller, 389 
Monoesters: Orthophosphate. See Or- 
thophosphate monoesters 
Monomethylethanolamine: Phosphate 
esters, accumulation; Veurospora 
crassa, mutant strain, Wolf and 
Nye, 1068 
Monophosphate: Adenosine 3’,5’-. See 
Adenosine 3’ ,5’-monophosphate 
Sedoheptylose. See Sedoheptulose 
monophosphate 
Mucopolysaccharide: Biosynthesis, cor- 
nea, study, Pogell and Koenig, 
2504 
Mucosa: Intestinal; glyceride-glycerol, 
precursors in, Buell and Reiser, 
217 
—,; succinoxidase activity, inhibitory 
effect, study, Nakamura, Pichette, 


| 
| 
8, 
9 
‘)- 
n 
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Mucosa—Continued: 
Broitman, Bezman, Zamcheck, and 
Vitale, 206 


Small intestine, in vitro, glucose oxi- 
dation, whole-body x-irradiation, in 
vitro, effect, Kay and Entenman, 

1634 

Muscle: Acetoacetate, glucose, uptake 
by, Beatty, Peterson, Bocek, and 
West, 11 

Ascaris lumbricoides; succinate and 
propionate, formation mechanism, 
Saz and Vidrine, 2001 

Diaphragm; labile fatty acids, res- 
piration maintenance, role, Nep- 
tune, Sudduth, and Foreman, 

1659 

Diphosphoglycerate mutase; purifi- 
cation and properties, Joyce and 
Grisolia, 1330 

Enzyme, physical and chemical prop- 
erties; a-glycerophosphate dehydro- 
genase, nonprotein component, van 
Eys, Nuenke, and Patterson, 

2308 

Heart; triphosphopyridine nucleotide- 
cytochrome c reductase, Lang and 


Nason, 1874 
Phosphorylase a to 6 and 6 to a con- 
version, Cowgill, 3145 
— kinase, Krebs, Graves, and 
Fischer, 2867 
—, purification and properties, Cow- 
gill, 3146 


Plasma and, glucose distribution, 
study, Aipnis, Helmreich, and Cori, 
165 
Proteins; adenosinetriphosphate, hy- 
drolysis mechanism; muscular con- 
traction, relation, Levy and Kosh- 
land, 1102 
Steroid hormones, influence; vitamin 
E deficiency, study, Rosenkrantz, 
35 
Mutase: Diphosphoglycerate, pb- 
2,3-diphosphoglyceric acid; distri- 
bution, Grisolia and Joyce, 


1335 

muscle; purification and proper- 
ties, Joyce and Grisolia, 1330 
Phosphoglyceric acid, Grisolia and 
Joyce, 1335 
— —, specificity, Pizer and Ballou 
1138 


Myeloperoxidase: lIorn (II) inactiva- 
tion, Schultz and Rosenthal, 

2486 

Myofibrils: Cardiac, human and canine, 

isolation method, Brown, Aras, and 

Hass, | 438 


Subject Index 


N 


Neurospora: Pyrimidines, aliphatic pre- 
cursors, Fairley, Herrmann, and 
Boyd, 3229 

Neurospora crassa: w-Hydroxy-a-amino 
acid dehydrogenase, purification, 
properties, Yura and Vogel, 339 

Mutant; acetylmethylearbinol, ace- 
tvlethylearbinol, accumulation by; 
biosynthesis, isoleucine and valine, 
Wagner, Bergquist, and Forrest, 

99 

— strain; mono- and dimethyleth- 
anolamine, phosphate esters, ac- 
cumulation, Wolf and Nyc, 1068 

1298; Pyrimidine synthesis, tracer 
study, Boyd and Fairley, 3232 

Pyrroline-5-carboxylate reductase, 
purification, properties, Yura and 


Vogel, 335 
Transaminase activity, Seecof and 
Wagner, 2689, 2694 
Nerve: Growth-promoting _ protein, 


snake venom; purification and 
metabolic effects, Cohen, 1129 
Nervous system: Glutamic-y-amino- 
butyric transaminase, distribution, 


Salvador and Albers, 922 
Glutamic decarboxylase, distribution, 
Albers and Brady, 926 


Niacin: Tryptophan-; relationship, lack 
of, corn and tobacco, Henderson, 
Someroski, Rao, Wu, Griffith, and 
Byerrum, 93 

Nicotinamide: Administration; diphos- 
phopyridine nucleotide, nicotinic 
acid analogue, formation, Langan, 
Kaplan, and Shuster, 2161 

Ethylene oxide reaction, Windmueller, 
Ackerman, Bakerman, and Mickel- 
sen, 889 

Formate-C', incorporation vivo, 
effect of, Shuster and Goldin, 

129 

Bacterial oxidation, Hochstein and 
Rittenberg, 151, 156 

Oxidation, by cell-free preparations, 
Hochstein and Rittenberg, 151 

Nicotinic acid: Analogue; formation; di- 
phosphopyridine nucleotide, nico- 
tinamide administration, Langan, 
Kaplan, and Shuster, 2161 

Ethylene oxide reaction, Windmueller, 
Ackerman, Bakerman, and Mickel- 
sen, 889 

Urine, metabolite, N-methyl-4-pyri- 
done-5-carboxamide, Chang and 


Johnson, 1817 
Nickel: Ribonucleic acid, Wacker and 
Vallee, 3257 


Vol. 234 


Nitrogen: Intracellular distribution, 
pancreas, tissue fractionation, 
study, Van Lancker and Holizer, 

2359 

Oxidation catalysis, flavin coenzymes, 
in light, Frisell, Chung, and Mac- 
kenzie, 1297 

Nitrophenol: p-; Orthophosphate mono- 
ester, prostatic acid phosphatase, 
kinetics of hydrolysis, Nigam, 
Davidson, and Fishman, 1550 

Nitrophenyl ester: Carbobenzoxy-L-ty- 
rosine p. See Carbobenzoxy-.- 
tyrosine p-nitrophenyl ester 

Nitrophenyl phosphate: p-, Menadione- 


dependent enzymic hydrolysis, 
Stadtman, 636 
Nitrotoluene: p-, Enzymatic oxidation, 
Gillette, 139 


Norepinephrine: 5-Hydroxytryptophan 
decarboxylase activity, of kidney, 
effect, Buzard and Nytch, 884 

Nuclear ribonucleic acid: Release, nu- 
cleus in vitro, Schneider, 2728 

Nucleic acid: Biosynthesis, Ehrlich as- 
cites cells, study, Harbers and Hei- 
delberger, 1249 

Metals and; chromium, manganese, 
nickel, iron, in ribonucleic acid, 
Wacker and Vallee, 3257 

Synthesis; folic acid, energy intake, 
role, Mehta, Vaughan, Wagle, Bar- 
bee, Mistry, and Johnson, 625 

Nucleoside(s): Erythrocyte ghosts, hy- 
poxanthine production, McLellan 


and Lionettt, 3243 
Polyphosphate. See Polyphosphate 
nucleosides 


Sedoheptulose monophosphate, con- 
version, by liver, Sve, Nigam, and 
Fishman, 1202 

Nucleoside phosphorylase: Adenosine. 
See Adenosine nucleoside phos- 
phorylase 

Nucleotidase(s): Diphosphopyridine, 
animal tissue, pyridine derivatives, 
effect, Kaplan, Ciotti, van Eys, and 


Burton, 134 
5’-, Ferrous iron, activated by, Her- 
man and Wright, 122 


Nucleotide(s): Association-dissociation 
and_ kinetic properties, effect, 


Frieden, 815 
Blood, Bishop, Rankine, and Talbott, 
1233 


Complexes, properties, microsomal 
cytochrome reductase, Strittmatter, 
2665 
Cytidine. See Cytidine nucleotide 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
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Nucleotide(s)—Continued: 
Interconversions, in tissues, Maley 
and Maley, 2975 


Reduced diphospyridine. See Di- 
phosphopyridine nucleotide, 
duced 

Reduced, phenol-activated oxidation; 
uterus, study, Hollander and Ste- 


phens, 1901 
Trace; yeast ribonucleic acids, Davis, 
Carlucci, and Roubein, 1525 


Pyridine. See Pyridine nucleotides 
Triphosphopyridine. See  Triphos- 
phopyridine nucleotide 


Triphosphopyridine, reduced. See 
Triphosphopyridine nucleotide, re- 
duced 


Uridine. See Uridine nucleotide 
Nucleus: Nuclear ribonucleic acid, re- 
lease, Schneider, 2728 
Nutrition: Carbohydrate; mammalian 
cells (MB III strain, mouse lym- 
phoblasts) growing in vitro, Bailey, 
Gey and Gey, 1042 


O 


Oleic acid: Identification; fatty acids 
and tubercle bacillus separation, 
gas chromatography, Cason and 
Tavs, 1401 

Oligogalacturonides: Oxidized deriva- 
tives and, yeast endo-polygalac- 
turonase, action mechanism, Patel 
and Phaff, 237 

Oligonucleotides: Deoxyribo-. See De- 
oxyribo-oligonucleotides 

Oligosaccharides: Malto-. See Malto- 
oligosaccharides 

Oncorhynchus tschawytscha: Salmon, 
sperm; protamine, physical and 
chemical properties, anion binding 
characteristics, Carroll, Callanan, 
and Saroff, 2314 

Alcohol and, electrophoretic behavior 
of albumin, effect, Schmid, 3163 
Tobacco leaves, metabolism, Vickery, 
1363 

Ornithine-citrulline enzyme: Properties, 
biotin content, Streptococcus lactis, 
Ravel, Grona, Humphreys, and 
Shive, 1452 

Orthophosphate: -Adenosine _ triphos- 
phate and adenosine diphosphate- 
adenosine triphosphate exchange 
reactions; enzyme system, from 
mitochondria, catalyzing, Chiga and 
Plaut, 3059 

Monoesters: Phenol, glycerol, p-nitro- 
phenol; prostatic acid phosphatase, 
kinetics of hydrolysis, Nigam, 
Davidson, and Fishman, 1550 


Subject Index 


Oxalate: Endogenous synthesis; glycine, 
serine, deoxypyridoxine interrela- 
tionships, vitamin B,-deficient rats, 
Gershoff and Faragalla, 2391 

Lactic dehydrogenase, inhibition, No- 
voa, Winer, Glaid, and Schwert, 
1143 

Oxamate: Lactic dehydrogenase, inhibi- 
tion, Novoa, Winer, Glaid, and 
Schwert, 1143 

Oxaloacetic acid: Urinary excretion, in 
scurvy, Banerjee and Biswas, 


3094 
Oxaloacetic decarboxylase: Liver mito- 
chondria, Corwin, 1338 


Oxidants: Hill reaction; catalytic cofac- 
tors, interactions, photosynthetic 
phosphorylation, Avron and Jagen- 
dorf, 1315 

Oxidases: Amine. See Amine oxidases 

Bacteria, photochemical determina- 
tions, Castor and Chance, 1587 
Cytochrome. See Cytochrome oxi- 


dase 
Cytochrome, activity, lipide, Green- 
lees and Wainio, 658 
Cytochrome c, copper, Wainio, 
Wende, and Shimp, 2433 


Galactose; Polyporus circinatus, Fr., 
Cooper, Smith, Bacila, and Medina, 
445 
p-Hydroxyphenylpyruvie acid, inhi- 
bition, excess substrate, study, 
Zannoni and La Du, 2925 
Liver 3-hydroxyanthranilic acid, Ste- 
vens and Henderson, 1188 
Monoamine. See Monoamine oxi- 
dase 
Reduced diphosphopyridine nucleo- 
tide; enzymatic catalysis, isooctane 
extraction, effects, study, 
Mackler, and Hanahan, 1312 
Succinic. See Succinic oxidase 
Tryptophan peroxidase-; liver, ac- 
tivity, Auerbach and Waisman, 
304 
Xanthine. See Xanthine oxidase 
Oxidation: Acetate; biochemical depres- 
sion mechanism, Masoro and Felts, 


198 

Aldehyde, Jakoby and Scott, 937 
Alkyl substituted ring compounds, 
Gillette, 139 


o-Aminophenols, cytochrome c and 
cytochrome oxidase, Nagasawa and 


Gutmann, 1593 
Nagasawa, Gutmann, and Morgan, 
1600 


L-Arabinose, Pseudomonas saccharo- 
phila, -2-keto-4,5-dihydroxyval- 
eric acid, Weimberg, 727 
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Oxidation—Continued: 

Avian embryo, study, Brand and 
Mahler, 1615 
Bacterial, nicotine, Hochstein and 
Rittenberg, 151, 156 

—, steroids, Levy and Talalay, 
2009 
—, —, enzymatic mechanism, study, 
Levy and Talalay, 2014 


Catalysis; nitrogen compounds, flavin 
coenzymes, in light, Frisell, Chung, 
and Mackenzie, 1297 

Cholesterol, methyl groups, carbon 
dioxide, liver, Whitehouse, Staple, 
and Gurin, 276 

Choline; products, isolation and iden- 
tification, Jellinek, Strength, and 
Thayer, 1171 

Citrate; phosphate inhibition, kidney 
tissue, DeLuca, Gran, Reiser, and 
Steenbock, 1912 

Enzymatic; 1,2-propanediol phos- 
phate to acetol phosphate, Huff 
and Rudney, 1060 

Fatty acid, livers; pi-ethionine, Ar- 
tom, 2259 

Formate, mechanism, Oro and Rappo- 
port, 1661 

Glucose. See Glucose oxidation 

-Glycerophosphate; mitochondria, 
thyroid-fed rats, Lee, Takemori, and 
Lardy, 3051 

Glycine and formate, CO, ; liver ho- 
mogenates, Schulman and Richert, 

1781 

Hydrogen; Clostridium kluyveri, Kin- 
sky, 973 

— donors, peroxidase system; thy- 
roxine, effect, Alebanoff, 2437 

a-; Long chain fatty acids, Martin 
and Stumpf, — 2548 

Palmitate-1-C™, albumin-bound; by 
tissues, Milstein and Driscoll, 19 


Peroxidase-catalyzed, inhibition, 
Mudd and Burris, 3281 
—-—; metals, Mudd and Burris, 


2774 
Phenol-activated, reduced nucleo- 
tides, uterus, study, Hollander and 
Phosphorylation; reactions, oxidation 
state, respiratory carriers, Wadkins 
and Lehninger, 681 
Products, synthesis and identification, 
Nagasawa, Gutmann, and Morgan, 
1600 
Propionate. See Propionate oxida- 
tion 
Pyruvate. See Pyruvate oxidation 
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Oxidation—Continued: 

Reduced pyridine nucleotides, peroxi- 
dase system, thyroxine, effect, 
Klebanoff, 2480 

— triphosphopyridine nucleotide, as- 
cites tumor cells, Wenner, 2472 

-Reduction potential, diphosphopyri- 
dine nucleotide system; tempera- 
ture effect, Rodkey, 188 

—, triphosphopyridine nucleotide 
system, Rodkey and Donovan, 

677 

Reversible, cyclic secondary alcohols, 
liver alcohol dehydrogenase, Merritt 
and Tomkins, 2778 

—, dihydrothioctamide, by diphos- 
phopyridine nucleotide, Sanadi, 
Langley, and Searls, 178 

State, respiratory carriers, oxidation 
phosphorylation, Wadkins and Leh- 
ninger, 681] 

Succinate, regulation, liver mito- 
chondria, vitamin FE, effect, Corwin 
and Schwarz, 191 

Tyramine, tyrosine, related com- 
pounds; peroxidase, Gross and 
Sizer, 1611 

Tyrosine-containing peptides, by ty- 
rosinase, Yasunobu, Peterson, and 


Mason, 5291 
Oxidative phosphorylation: See under 
Phosphorylation 


Oxide(s): Ethylene; histidine, methio- 
nine, and cysteine, reaction, Wind- 
mueller, Ackerman, and Engel, 

895 
—, nicotinamide, nicotinic acid, reac- 
tion, Windmueller, Ackerman, Ba- 


kerman, and Mickelsen, S89 
N-; Purine, Dunn, Maguire, and 
Brown, 620 


Oxygen: Anions, acy! transfer, acetyl 
imidazole reactions, Jencks and 


Carriuolo, 1272 
Glucose-; titrations, ascites tumor 
cells, Hess and Chance, 3031 
Lactobacilli, electron transport, Stritt- 
matter, 278 


Riboflavin phosphate-dependent pho- 
tosynthetic phosphorylation, spin- 
ach chloroplasts, effect, Nakamoto, 
Krogmann and Vennesland, 

| 2783 

Utilization, ascites tumor cells; met- 
abolic control mechanisms, Chance 
and Hess, 2416 

Oyster: Main pathway; carbon dioxide 
fixation, marine invertebrates, 
Hammen and Wilbur, 1268 


Subject Index 


P 


Palmitate: 1-C™, albumin-bound, oxida- 

tion by, tissues, Milstein and Dris- 

19 

-1-C“; bound to albumin, and in 

chylomicrons; perfusion fluid re- 

moval by liver, Hillyard, Cornelius, 
and Chaikoff, 

Palmitic acid: Butytyl coenzyme A, in- 
corporation, pigeon liver system, 
Long and Porter, 1406 

Pancreas: Ribonucleases, isolation and 
characterization, Aqvist and Anfin- 


sen, 1112 
Tissue fractionation, study, Van 
Lancker and Holtzer, 2359 


Pancreatic juice: Bovine, proteins, 
‘eller, Cohen, and Neurath, 

311 

Pantetheine: Lactyl; enzymatic syn- 

thesis, Vagelos, Earl, and Stadtman, 


765 

Pantothenic acid: Bound forms, assay, 
distribution, Brown, 379 
Metabolism, Brown, 370 


Papain: Crystalline; activity, optical 
rotation; urea and guanidine hydro- 
chloride, effect, Hill, Schwartz, and 


Smith, 572 
Parathormone: B; stability in vitro, 
Rasmussen, 547 


Parathyroid: Hormone, isolation, after 
extraction with phenol, Aurbach, 
3179 

Pasteur effect: Crabtree effect and; 
ascites tumor cells, Wu and Racker, 


1036 

Mitochondrial; sugar phosphate lev- 
els, Aisenberg, 441 
Reconstructed systems, Gatt and 
Racker, 1024 


Patulin: Biosynthesis; aromatic ring, 
molecular rearrangement, Tanen- 
baum and Bassett, 1861 

Peanut: Seedlings, fat conversion, to 
carbohydrate, Bradbeer and Stumpf, 

498 

Pectic substances: Metabolism and hor- 

monal control, Albersheim and 


Bonner, 3105 
Penicillamine: Colorimetric estimation, 
Pal, 618 


Penicillin: Action mechanism, Staphylo- 
coccus aureus cell wall composition, 
relation, Strominger, Park, and 
Thompson, 3263 

Fermentations, sulfur-containing 
compounds, distribution, Tardrew 
and Johnson, 1850 


Vol. 234 


Pentacarboxylic porphyrin: Porphyria 
cutanea tarda; infrared spectra, 


Chu and Chu, 2751 
— -— —-; isolation and properties, 
Chu and Chu, 2741 


— — —, preparation, by decarbox- 
ylation of porphyrins, Chu and 


Chu, 2747 
Peptidase: Amino-. See Amino pep- 
tidase 


Carboxy-. See Carboxypeptidase 
Imino-, proline. See Proline imino- 
peptidase 
Pepsin: Bovine serum albumin, bovine 
hemoglobin, action, optimum pH, 
study, Schlamowitz and Peterson, 
3137 
Peptide(s): A and B, amino acid se- 
quence, study, Folk, Gladner, and 
Laki, 67 
—; sequential evidence, acid degrada- 
tion study; thrombin-induced for- 
mation of co-fibrin, Folk, Gladner, 
and Levin, 2317 
Phosphatido-; fraction, from mam- 
malian tissue; phosphorus, com- 
position, distribution, turnover, 
study, Huggins and Cohn, 257 
Q-phosphorylated, related com- 
pounds, acid ionization constants, 
Félsch and Osterberg, 2298 
Protein and, components, separation; 
subtilisin-modified — ribonuclease, 
Richards and Vithayathil, 1459 
Separation, chromatography and elec- 
trophoresis, Katz, Dreyer, and An- 
finsen, 2897 
Tyrosine-containing, oxidation, by 
tyrosinase, }asunobu, Peterson, and 
Mason, 3291 
Peroxidase: -Catalyzed oxidations, in- 
hibition Mudd and Burris, 3281 
——, metals, Mudd and Burris, 
2774 
Glutathione; erythrocytes, purifica- 
tion and properties, Mills, 502 
Iodide. See Iodide peroxidase 
Myelo-. See Myeloperoxidase 
-Oxidase, tryptophan; liver, activity, 
Auerbach and Waisman, 304 
Oxidation, tyramine, tyrosine, and re- 
lated compounds, Gross and Sizer, 
1611 
System; oxidation, pyridine nucleo- 
tides, thyroxine, effect, Klebanoffy 
2480 
—, oxidation, hydrogen donors; thy- 
roxine effect, Alebanoff, 2437 
Tryptophan, activity, mammalian 
liver, Nemeth, 2921 


1959 


Phagocytosis: Biochemical basis, Sbarra 
and Karnovsky, 1355 
Phloretin: Analogues and; attachment, 
erythrocytes, connection, sugar 
transport inhibition, LeFevre and 
Marshall, 3022 
Phlorizin: Inhibition, insulin expansion, 
galactose space, eviscerate rat, 


Keller and Lotspeich, 995 
Mitochondria metabolism, effects, 
Keller and Lotspeich, 987 


Osmotic behavior, mitochondria, iso- 
tonic sucrose, effect, Aeller and 
Lotspeich, 991 

Phenanthroline: 1,10; Formation, zinc 
ions, alcohol dehydrogenase zinc, 
liver, Vallee and Coombs, 2615 

1,10-; Liver alcohol dehydrogenase, 
inhibition, Vallee, Walliams, and 
Hoch, 2621 

Phenol: -Activated oxidation; reduced 
nucleotides, uterus, study, Hol- 
lander and Stephens, 1901 

Orthophosphate monoester, prostatic 
acid phosphatase, kinetics of hy- 
drolysis, Nigam, Davidson, and 
Fishman, 1550 

Parathyroid hormone, isolation, after 
extraction with, Aurbach 3179 

Phenylalanine: -Hydroxylation cofac- 
tor, study, Kaufman and Leven- 
berg, 2683 

Tissue cultures, requirement, study, 
Morton and Morgan, 2698 

Tyrosine, enzymatic conversion, 
mechanism, study, Aaufman, 

2677 
Phenylpyruvate transaminase: Kinetic 
behavior, Seecof and Wagner, 


2694 
Substrate specificity, purification, 
Seecof and Wagner, 2689 


Phosphatase: Acid; Intracellular distri- 
bution, pancreas, tissue fractiona- 
tion, study, Van Lancker and 
Holitzer, 2359 

Activity; phosphoprotein, intracellu- 
lar location, Paigen and Griffiths, 


299 
Bacteriophages T2, T4, and T5, 
Dukes and Kozloff, 534 


Glucose 6-. See Glucose 6-phospha- 
tase 
O-Phosphoserine, purification, prop- 
erties, Neuhaus and Byrne, 
113 
Prostatic acid; pH, ammonium sulfate 
fractionation, purification proce- 
dure, Davidson and Fishman, 
526 
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Phosphatase—Continued: 
Prostatic acid; phosphoryl transfer, 
catalysis, Nigam and Fishman, 
2394 
Prostatic acid. See Prostatic acid 
phosphatase 
L-Serine, O-phospho-.-serine, enzy- 
matic exchange, FPorkenhagen and 


Kennedy, 849 
Serum alkaline. See Serum alkaline 
phosphatase 
Phosphate: Acetol. See Acetol phos- 
phate 
Adenosine 5’-. See Adenosine 3’- 
phosphate 


N-(5-amino 1-ribosyl-4-imidazolyl- 
carbony])-L-aspartic acid 5’-; en- 
symatic synthesis, Lukens and 


Buchanan 1791 
Miller, Lukens and Buchanan, 
1806 
Arabinose 5-. See Arabinose 5-phos- 
phate 
p-Arabinose 5-. See p-Arabinose 5- 
phosphate 


Dehydrogenase activity, glyceralde- 
hyde; triphosphopyridine nucleo- 
tide, diphosphopyridine nucleotide, 


Brenneman and Volk, 2443 
p-Erythrose 4-. See p-Erythrose 4- 
phosphate. 


Esters, mono- and dimethylethanol- 
amine, accumulation; Neurospora 
crassa, mutant strain, Wolf and 
Nye, 1068 

Exchange mechanism; phosphatidic 
acid, acetylcholine response, Ho- 


kin and Hokin, 1387 
Fluoracetyl, enzymatic reactions, 
Marcus and Elliott, 1011 


5-Flourouridine 5’-. See 5-Fluoro- 
uridine-5’-phosphate 

Glucose 6-. See Glucose 6-phosphate 

Glycero-. See Glycerophosphate 

Inhibition, citrate oxidation, kidney 
tissue, DeLuca, Gran, Reiser, and 


Steenbock, 1912 
Levels, sugar; mitochondrial Pasteur 
effect, Arsenberg, 44] 


p-Nitrophenyl; menadione-dependent 
enzymic hydrolysis, Stadtman, 

636 

1,2-propanediol; enzymatic oxida- 

tion, acetol phosphate, Huff and 

Rudney, 1060 

Vinyl, synthesis; intermediate, carbo- 

hydrate metabolism, photosynthe- 

sis, Baer, Ciplijauskas, and Visser, 

1 


3349 


Phosphate dehydrogenase: Glyceralde- 
hyde 3-. See Glyceraldehyde 3- 
phosphate dehydrogenase 

1-2-propanediol-l-. See 1 ,2-por- 
panediol-l-phosphate dehydrogen- 
ase 

Phosphate synthetase: Carbamy]l. See 
phosphate synthetase 

Phosphate synthetase: 2-Keto-3-de- 
oxy-D-arabo-heptonic acid 7-, Srini- 


vasan and Sprinson, 716 
Phosphatides: Glycerol-. See Glycerol- 
phosphatides 


Phosphatidic acid: Diglyceride and 
adenosine tryphosphate, synthesis; 
brain microsome extracts, Hokin 
and Hokin, 1381 

Phosphate exchange mechanism; acet- 
vicholine response, Hokin and Ho- 
kin, 1387 

Phosphatidylethanolamines: Colloidal 
state and clot-promoting activity, 
study, Wallach, Maurice, Steele, 
and Surgenor, 2829 

Phosphatidyl: Inositol, peas, Wagen- 
knecht, Lewin, and Carter, 

2265 

Phosphatido-peptide: See under Pep- 
tide 

Phosphodiesterase: Snake venom, sub- 
strate specificity and properties; 
enzymic degradation, Razzell and 
Khorana, 2105 

Venom; deoxyribo-oligonucleotides; 
enzymic degradation; polynucleo- 
tides, study, Razzel and Khorana, 

2114 

Phosphoenolpyruvic acid: Conversion, 
to 5-dehydroquinie acid, Sriniva- 
san, Katagiri, and Sprinson, 713 

Phosphoglucomutase: Yeast; purifica- 
tion, action mechanism, McCoy and 
Najjar, 3017 

Phosphoglycerate: 3-, 1,3-Diphospho- 
glvcerate, enzymatic formation 
from, isolation, metabolism, Arim- 
sky, 228 

Phosphoglyceric acid: Mutase activity, 
2 ,3-diphosphoglycerate, wheat 
germ, preparations, Ito and Gri- 
solia, 242 

—; diphosphoglycerate mutase and 
p-2,3-diphosphoglyceric acid; dis- 
tribution, Grisolia and Joyce, 


1335 
—, specificity, Pizer and Ballou, 
1138 
Phospholipide: Serum. See Serum 
phospholipide 


Phosphooctonic acid: 2-Keto-3 deoxy-8-. 


d 
2 
7 
n 
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Phosphooctonic acid—Continued: 
See 2-Keto-3-deoxy-8-phosphooc- 
tonic acid 

Phosphoprotein: Phosphatase activity, 
intracellular location, Paigen and 
Griffiths, 299 

Phosphoribosylpyrophosphate amido- 
transferase: Activity regulation, 
purine ribonucleotides; purine bio- 
synthesis, potential feedback con- 
trol, Wyngaarden and Ashton, 

1492 

Phosphoryl: Transfer, catalysis, pro- 

static acid phosphatase, Nigam and 


Fishman, 2394 
Phosphorus: Assay, column chromatog- 
raphy, Bartlett, 466 


Composition, distribution, turnover, 
in phosphatido-peptide fraction, 
mammalian tissue, study, Huggins 
and Cohn, 257 

Photophosphorylating spinach chloro- 
plast preparations, distribution, 
Nakamura, Chow, and Vennesland, 


2202 
Phosphorylase: a to } and 6 to a con- 
version; muscle, Cowgill, 3154 


Adenosine nucleoside. See Adenosine 
nucleoside phosphorylase 
b Kinase; muscle, Arebs, Graves, and 


Fischer, 2867 
Muscle, purification and properties, 
Cowgill, 3146 


b to Phosphorylase a reaction; phos- 
phorylated site, structure, Fischer, 
Graves, Crittenden and Krebs, 

1698 

Polynucleotide. See Polynucleotide 
phosphorylase 

Polynucleotide, Micrococcus lysodetk- 
ticus, Olmsted and Lowe, 2965 

Phosphorylation: 2-Deoxyglucose, in 
diaphragm, Aipnis and Cori, 171 

Efficiency, intact cell; crossover phe- 

nomena, bakers’ yeast, Chance, 
3036 

—, — —; glucose-oxygen titrations, 
ascites tumor cells, Hess and 
Chance, 3031 

—, —; phosphorylation, dephos- 
phorylation, yeast cells, Chance, 

3041 

Glucose absorption, intestine, role, 
Landau and Wilson, 749 

Light-induced; Rhodospirillum ru- 
brum extracts, Smith and Baltsche ff- 
sky, 1575 

Oxidation; reactions, oxidation state, 
respiratory carriers, Wadkins and 
Lehninger, 681 
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Phosphorylation—Continued: 
Oxidative; acid-linked functions, in- 
termediates, Chance, 1563 
Chance and Conrad, 1568 
—, fractionated bacterial systems, 
soluble factors, role, Brodie, 398 
—, liver mitochondria, ultraviolet 
light, vitamin K, effect, Anderson 
and Dallam, 409 
—; — —, stability, Weinbach, 
1580 
—, mitochondria, Weinbach and Gar- 
bus, 412 
—, —, ribonuclease, effect, Hanson, 
1303 
— photosynthetic; spinach chloro- 
plasts, Arogmann and Vennesland, 
2205 
—, restoration, vitamin near- 
ultraviolet treatment, Beyer, 
688 
—, role in swelling; liver mitochon- 
dria, study, Lipsett and Corwin, 
2448 
Photosynthetic; catalytic cofactors, 
interactions, Hill reaction oxidants, 
Avron and Jagendorf, 1315 
Pyruvate, by pyruvate kinase reac- 
tion, by glycolysis reversal, recon- 
structured system, KArimsky, 
232 
Riboflavin phosphate-dependent. pho- 
tosynthetic; spinach chloroplasts, 
oxygen effect, Nakamoto, Krog- 


mann, and Vennesland, 2783 
Ribonuclease, inactivation, Tabor- 
sky, 2915 


Phosphorylenol pyruvate: 2-Keto-3-de- 
oxy-8-phosphooctonic acid synthe- 
tase, condensation, Levin and 
Racker, 2532 

Phosphoserine: Metabolism, Neuhaus 
and Byrne, 109, 113 

O-, phosphatase; purification and 
properties, Neuhaus and Byrne, 


113 
L-Serine, exchange, Neuhaus and 
Byrne, 109 


Phospho-.L-serine: L-Serine, enzy- 
matic exchange, Borkenhagen and 
Kennedy, 849 

Photooxidation(s): Rhodospirillum ru- 
brum chromatophores, anaerobic 
conditions; catalyzed by, Vernon, 

1883 

Photophosphorylation: Spinach chloro- 
plasts, digitonin-fragmented, Kou- 
kol, Chow, and Vennesland, 2196 

Photoreduction: Pyridine nucleotides; 
Rhodospirillum rubrum, chromato- 
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Photoreduction—Continued: 
phores, succinate, Vernon and Ash, 
1878 
Photosynthesis: Vinyl phosphate syn- 
thesis, intermediate, Baer, Cipli- 
jauskas, and Visser, 1 
Phytosterols: C'4-; Intestinal metabo- 
lism, Swell, Trout, Field, and Tread- 
well, 2286 
Pituitary gland(s): Interstitial  cell- 
stimulating hormone, purification 
and properties, Squire and Li, 
520 
Placenta: -Kstrogen-sensitive enzyme 
system, Hollander, Hollander, and 
Brown, 1678 
Metabolism, C-16-oxygenated ster- 
oids; estriol formation, Ryan, 


2006 

Plant(s): Fat metabolism, Bradbeer and 
Stumpf, 498 
Martin and Stumpf, 2548 


Plasma: Fraction I; properdin, prepa- 
ration, Cohn method, Spicer, Pri- 


ester, Smith, and Sanders, 838 
Lipoprotein, synthesis, liver, Marsh 
and Whereat, 3196 


Muscle and, glucose distribution, 
study, Aipnis, Helmriech, and 
Cori, 165 

Protein fractions; S*® and associ- 
ation rate, after Na.S®Q,, gly- 
cine-C4, or glucose-C' adminis- 
tration, Richmond, 2713 

Steroid glucuronides, isolation, char- 
acterization, measurement, Cohn 
and Bondy, 31 

Plasminogen: Activation; ¢€-aminoca- 
proic acid, inhibitor, Alkjaersig, 
Fletcher, and Sherry, 832 

Polydeoxynucleotide: Material; ribo- 
nucleotides, enzymatic incorpora- 
tion, Hurwitz, 2351 

Polygalacturonase: Endo-, yeast, ac- 
tion mechanism, on oligogalact- 
uronides, oxidized derivatives, Pa- 
tel and Phaff, 237 

Polymorphonuclear leukocytes: Inges- 
tion of particles, metabolic changes, 
Sbarra and Karnovsky, 1355 

Polynucleotide(s): Knzymic degrada- 
tion; deoxyribo-oligonucleotides; 
venom phosphodiesterase, study, 
Razzell and Khorana, 2114 

—- —; snake venom phosphodiester- 
ase, specificity properties, 
study, Razzell and Khorana, 

2105 

Synthesized by, polynucleotide phos- 

phorylase, Ortiz and Ochoa, 1208 


P 
P 


1959 


Polynucleotide phosphorylase: Micro- 
coccus lysodeikticus, Olmsted and 


Lowe, 2965 
Olmsted and Lowe, 297 1 
Polynucleotides, synthesized by, Ortiz 

and Ochoa, 1208 


Polyphosphate nucleoside(s): Purine 
analogues, Way, Dahl, and Parks, 
1241 

Polyporus circinatus, Fr.: Galactose 
oxidase, Cooper, Smith, Bacila, and 
Medina, 445 
Polysulfide(s): Mercaptopyruvate; en- 
zymatic formation, Hylin and 
Wood, 2141 
Porphyria cutanea tarda: Hepta-, hexa-, 
and pentacarboxylic porphyrins, 
isolation and properties, Chu and 
Chu, 2741, 2747, 2751 

—, —, — — preparation, by de- 
carboxylation of uroprophyrins, 
Chu and Chu, 2747 


Chu and Chu, 2751 
Porphyrin(s): Hepta-, hexa-, and penta- 
earboxylic; porphyria  cutanea 
tarda, Chu and Chu, 
2741, 2747, 2751 
“Prefolic A’’: Preparation, conversion 
to citrovorum factor, Donaldson 
and Keresztesy, 3235 
Pregnane-3a,17a,20a-triol: Separation 
and quantitative estimation, Coz, 
1693 
Pregnenolone: 17a-Hydroxy A®-. See 
17a-Hydroxy-A*-pregnenolone 
Pregnen-20a-ol-3-one: 4-, Conversion 
of progesterone, by ovarian tissue 
in Vitro, Weist, 3115 
Preputial gland: Normal, and liver; 25, 
24-dihydrolanosterol, occurrence 
and comparison, Aandutsch and 
Russell, 2037 
Tumor sterols, Kandutsch and Russell, 
2037 
Proesterase: Pancreatic, Gjessing, Em- 
ery, and Clements, 1098 
Progesterone: Conversion, 4-pregnen- 
20a-ol-3-one, ovarian tissue tn vitro, 
Wiest, 3115 
Serum albumin, preparation and char- 
acterization, Erlanger, 
Beiser, and Ineberman, 1098) 
Prolactin: Fatty acid synthesis, adipose 
tissue; effects in vitro, Winegrad, 
Shaw, Lukens, and Stadie, 3111 
Proline: L-; Gelatin, isolation method, 
Levine, 1731 
Hydroxy-t-. See Hydroxy-t-proline 
Hydroxyproline, conversion to, ascor- 
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Proline—Continued: 
bic acid relation, collagen synthesis, 
carrageenan granuloma, Robertson, 


Hiwett, and Herman, 105 


Proline iminopeptidase: Sarid, Berger, 
and Katchalski, 1740 
Propanediol phosphate: 1,2-; Acetol 
phosphate, enzymatic oxidation, 
Huff and Rudney, 1060 
Propanediol-1-phosphate dehydro- 
genase: 1,2-; Acetol phosphate 
metabolism, Sellinger and Miller, 
1641 
Properdin: Plasma Fraction I, Cohn 
method, preparation, Spicer, Pri- 
ester, Smith, and Sanders, 838 
Propionate: Formation mechanism, As- 
caris lumbricoides muscle, Saz and 
Vidrine, 2001 
Propionate oxidation: Clostridium kluy- 
veri, 8-hydroxypropionyl coenzyme 
A and malonyl semialdehyde coen- 
zyme A, intermediates, Vagelos and 
Earl, 2272 
Propionibacterium pentosaceum: D- 
Arabinose 5-phosphate, enzymatic 
formation, L-arabinose and adeno- 
sine triphosphate, Volk, 1931 
Propionic acid: L-Hydantoin-5-. See 
L-Hydantoin-5-propionic acid 
4(5)-Imidazolone-5(4)-. See 4(5)- 
Imidazolone-5(4)-propionic acid 
Metabolism, Vagelos, Earl, and Stadt- 


man, 490 
Vagelos, Earl,and Stadtman, 765 
Vagelos and Earl, 2272 
—, animal tissues, Tietz and Ochoa, 
1394 


Propionyl carboxylase: Purification and 
properties, Tietz and Ochoa, 
Prostatic acid phosphatase: Ortho-phos- 
phate monesters, phenol, p-nitro- 
phenol, and glycerol, kinetics of hydroly- 
sis, Nigam, Davidson, and Fishman, 
1550 

pH, ammonium sulfate fractionation, 
purification procedure, Daridson 


and Fishman, 526 
Phosphory] transfer, catalysis, Nigam 
and Fishman, 2394 


Protamine: Physical and chemical 
properties; sperm, salmon, Oncor- 
hynchus tschawytscha; anion bind- 
ing characteristics, Carroll, Calla- 
nan, and Saroff, 2314 

Protein(s): Amino acid composition, 
ribonucleoprotein particles, liver, 
Crampton and Petermann, 2642 

Apo-. See Apoprotein 
Azo-. See Azoproteins 
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Protein(s)—ontinued: 
Binding, quinone imides, [rving and 
Gutmann, 2878 
Bovine pancreatic juice, Keller, Cohen, 
and Neurath, 311 
Cationic, synthesis in vivo, Keller, 
Cohen, and Neurath, 311 
Chylomicron, metabolism, Rodbell, 
Frederickson, and Ono, 567 


—, Rodbell and Fredrickson, 562 

Conjugates, steroid-; Erlanger, Borek, 
Beiser, and Lieberman, 1090 

Contractile; bacteriophage T2, tail, 
Kozloff and Lute, 539 

Eye lens, isolation, crystallization, 
properties, Wood, Massi, and Solo- 
mon, 329 

Flavo-. See Flavoprotein 

Fractions, intact cells; amino acid 
incorporation in vitro, Rabinovitz 


and Olson, 2085 
—, plasma. See Plasma protein 
fractions 


Glucomannan-, complexes; cell walls, 
yeasts, Aessler and Nickerson 
2281 
Glyco-. See Glycoprotein 
Hair. See Hair protein 
Incorporation; hen oviduct “non- 
protein” fractions, passage, radio- 
active amino acid, Hendler, 1466 
Iodine, reaction, physical and chemi- 
cal study, Cunningham and Nuenke, 
1447 
Lipo-. See Lipoprotein 
Mitochondrial; C™-tyrosinamide, C™- 
tyrosyladenylate, labeling, Ziou- 
drou and Fruton, 583 
Muscle; adenosinetriphosphate, hy- 
drolysis mechanism; muscular con- 
traction, relation, Levy and Kosh- 
land, 1102 
Nerve growth-promoting; snake 
venom; purification and metabolic 
effects, Cohen, 1129 
Peptide and, components, separation; 
subtilisin-modified ribonuclease, 
Richards and Vithayathil, 1459 
Phospho-. See Phosphoprotein 
Steroid-. See Steroid-protein 
Sulfite, reaction, study, Batley and 
Cole, 1733 
Synthesis, reticulocytes, Rabinovitz 
and Olson, 2085 
Rabinovitz and McGrath, 2091 
Thyroxine-binding, bovine synovial 
fluid, Neuhaus and Sogoian, 


821 
Tissue, from mercapturic acids, 
Smith and Wood, 3192 
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Protein(s)—Continued: .- 

Tissue, hydroxyproline, incorporation, 
by chick embryos, Mitoma, Smith, 
Friedberg, and Rayford, 78 

Turnover, mammalian cell cultures, 
Eagle, Piez, Fleischman, and Oyama, 

592 

Urea, 8 M; disulfide and sulfhydryl, 

amperometric titration, Carter, 
1705 

Valine-1-C™, incorporation, submito- 
chondrial fractions, Kalf and Simp- 
son, 2943 

Proteinase(s): Pancreatic; elastase dif- 
ferentiation, Lewis, Williams, and 
Brink, 2304 

Prothrombin: Preparation and proper- 
ties, Goldstein, Bolloch’h, Alexran- 


der, and Zonderman, 2857 
Protoplasts: Bacterial, metabolic swell- 
ing, reversible, Abrams, 383 


Pseudomonas: Extracts; a-ketogluta- 
rate conversion, hydroxyproline 
metabolism, Adams, 2073 

Tryptophan pyrrolase (peroxidase- 
oxidase), reaction, nature § and 
mechanism, Tanaka and Knox, 


1162 

Pseudomonas fluorescens: y-Amino- 
butyric-glutamic transaminase, 
Scott and Jakoby, 932 


Pseudomonas saccharophila: L-Arabin- 
ose oxidation, L-2-keto-4,5-dihy- 
droxyvaleric acid, Weimberg, 


727 
Pterin deaminase: Bacterial, Levenberg 
and Hayaishi, 955 


Purine(s): Analogues; polyphosphate 
nucleosides, Way, Dahl, and Parks, 


1241 

Biosynthesis, Hartman and Buchanan, 

1812 

Lukens and Buchanan, 1791, 1799 
Miller, Lukens, and Buchanan, 

1806 

~~ de novo, tissues and tumor, Hen- 

derson and LePage, 2364 


~~; N-(5-amino-1-ribosyl-4-imidazol- 
yiearbony]!)-L-aspartic acid 5’-phos- 
phate, enzymatic synthesis, Lukens 


and Buchanan, 1791 
—, potential feedback control; phos- 
phoribosylpyrophosphate —amido- 


transferase; activity regulation, 
purine ribonucleotides, W yngaarden 
and Ashton, 1492 
Deoxyribose, Escherichia coli sys- 
tems, origin, Loeb and Cohen, 
360 
—, origin, T6r* bacteriophage, Loeb 
and Cohen, 364 
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Purine(s)—Continued: 

Derivative, growth support, ability, 
mammalian cells in culture, Hakala 
and Taylor, 126 

Mercapto-. See Mercaptopurine 

N-Oxides, Dunn, Maguire, and 
Brown, 620 

Oxidizing enzymes; 6-chloropurine 
and 6-chlorouric acid, substrates 
and inhibitors, Duggan and Titus, 

2100 

Ribonucleotides; phosphoribosylpyro- 
phosphate amidotransferase, ac- 
tivity regulation; purine biosynthe- 
sis, potential feedback control, 
Wyngaarden and Ashton, 1492 

Putrescine: Metabolism, ‘y-aminobu- 
tyraldehyde dehydrogenase, Jakoby 
and Fredericks, 2145 
Pyridine: Analogues, 3-substituted; di- 
phosphopyridine nucleotide, chemi- 
cal properties, Anderson, Cvotti, 
and Kaplan, 1219 

Derivatives, effect, diphosphopyri- 
dine nucleotidases, animal tissue, 
Kaplan, Ciotti, van Eys, and Burton, 

134 

Metabolism; liver, normal and _ re- 
generating, comparison, Canellakis, 
Jaffe, Mantsavinos, and Krakow, 

2096 

Nucleotide; reduced; localization and 
kinetics, living cells, by microfluor- 
ometry, Chance and Thorell, 

3044 

—; —; oxidation, Brand and Mahler, 

1615 

—; —; —, peroxidase system, thy- 
roxine, effect, KAlebanoff, 2480 

—; Rhodospirillum rubrum, chroma- 
tophores, succinate, photoreduc- 
tion, Vernon and Ash, 1878 

—,; synthesis: Liver, hyperthyroidism, 
effect, Bosch and Harper, 929 

—; transhydrogenase: Stein, Kaplan, 
and Crotti, 979 

Pyridone-5-carboxamide: \V-Methy]-4-. 
See N-Methy]l-4-pyridone-5-carbox- 
amide 

Pyrimethamine: Folic acid metabolism, 
Streptococcus faecalis and Escher- 
ichia coli, effect, Wood and Hitch- 
ings, 2377 

Uptake and degradation, by bacteria, 
study, Wood and Hitchings, 


2381 


Pyrimidine(s): Deoxyribose, Escherichia 
colt systems, origin, Loeb and Cohen, 


360 
—, origin, T6r*+ bacteriophage, Loeb 
and Cohen, 364 
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Pyrimidines(s)—Continued: 
Fluorinated; biochemical and meta- 
bolic investigations, study, Harbers, 
Chaudhuri, and Heidelberger, 
1255 
—, tumors, 6-azauridine, biochemical 
activity, interference, Pasternak 
and Handschumacher, 2992 
Neurospora, Aliphatic precurosrs, 
Fairley, Herrmann, and Boyd, 
3229 
Synthesis, Neurospora crassa 1298, 
tracer studies, Boyd and Fairley, 
3232 
Pyrophosphate: Adenosine triphosphate 
and; amino acid dependent ex- 
change, in spinach preparations, 


Marcus, 1238 
Isopentenyl-. See Isopentenylpyro- 
phosphate 

3-Methyl-3-butenyl-1-. See  3- 


Methy]-3-butenyl-1- pyrophosphate 
Mevalonic acid. See Mevalonic acid 
pyrophosphate 
Pyrophosphorylase: Uridine diphospho- 
acetylglycosamine, Strominger and 
Smith, 1822 
Pyrrolase: Tryptophan. See Trypto- 
phan pyrrolase 
Pyrrolidine: Metabolism, ‘y-aminobu- 
tyraldehyde dehydrogenase, Jakoby 
and Fredericks, 2145 
Pyrroline-5-carboxylate: Reductase, 
Neurospora crassa, purification, 
properties, Yura and Vogel, 335 
Pyruvate: Clastic system, carbon diox- 
ide activation, Clostridium butyr- 
icum, Mortlock, Valentine and 
Wolfe, 1653 
Decarboxylation, thiamine, J atco- 
Manzo, Roddy, Yount, and Metzler, 
3 733 
—, — analogues, Yount and Metzler, 
738 


Kinase; reaction, and glycolysis re- 


versal, reconstructed system, pyru- | 


vate phosphorylation, Arimsky, 
232 

Mercapto-. See Mercaptopyruvate 
Metabolism, routes, Koeppe, Mour- 
kides, and Hill, 2219 


Oxidation, reversal, Clostridium bu- 


tyricum, Mortlock and Wolfe, 
1657 
Phosphorylation, by kinase reaction, 
by glycolysis reversal, recon- 
structed system, Arimsky, 232 
Phosphorylenol. See Phosphorylenol 
pyruvate 
Pyruvic acid: Phosphoenol-. See Phos- 
phoenolpyruvic acid 


R 


1959 


Pyruvic acid—Continued: 


Urinary excretion, in scurvy, Baner- | 


jee and Biswas, 3094 
Pyruvic kinase reaction: Equilibrium 
and kinetic study, Mcffuate and 
Utter, 2151 
Pyruvic transaminase: Glutamic-; ac- 
tivity, gluconeogenesis, Rosen, Rob- 
erts, and Nichol, 476 


Q 


Qunoline: Derivatives, identification, 

from urine, Roy and Price, 2759 

Quinolinic acid: Formation mechanism, 
Moline, Walker, and Schwevgert, 

880 

Quinone imides: o-; Bovine serum albu- 

min, interaction, Irving and Gut- 


mann, 2878 
Protein binding, Irving and Gutmann, 
2878 

R 


Rana catesbeiana: Tadpoles, urea cycle 
enzymes, Brown, Brown, and Co- 


hen, 1775 
Red cell: Human; glycolytic intermedi- 
ates, Bartlett, 449 


Reductase: Microsomal cytochrome; 
nucleotide complexes, properties, 


Strittmatter, 2665 
— —+; reactive sulfhydryl groups, 
Strittmatter, 2661 


Triphosphopyridine nucleotide cyto- 
chrome c; heart muscle, Lang and 
Nason, 1874 

Reduced diphosphopyridine nucleo- 
tide-cytochrome; cytochrome oxi- 
dase reduction, Cooperstein, 392 

Pyrroline-5-carboxylate. See Pyrro- 
line-5-carboxylate reductase 

Reduction: Potentials, oxidation-; tri- 
phosphopyridine nucleotide system, 
Rodkey and Donovan, 677 

Enzymic; A‘-3-ketosteroids, thyroxin 
effects, McGuire and Tomkins, 

791 

Resin(s): Ion exchange; column chro- 

matography, isolation method, gly- 
colytic intermediates, Bartlett, 


459 
Respiration: Cattle retina, Futterman 
and Kinoshita, 723 


Endogenous glycogen, diaphragm, 
support capacity, Neptune and 


Foreman, 1942 
Rhodospirillum rubrum _ extracts, 
Smith and Baltscheffsky, 1575 
Isolated toad bladder, Leaf, Page, 
and Anderson, 1625 


Maintenance; labile fatty acids, dia- 


Subject Index 
Respiration—Continued: 
phragm muscle, role, Neptune, Sud- 
duth, and Foreman, 1659 


Respiratory carrier(s): Oxidation state, 
oxidation phosphorylation, reac- 
tions, Wadkins and Lehninger, 

681 

Respiratory chain: Electron acceptors 
and; mitochondrial a-glycerophos- 
phate dehydrogenase, reaction, 
study, Ringler and Singer, 2211 

Mitochondria prepared with digito- 
nin, Devlin, 962 
Preparations, from heart, reactivity, 
electron carriers, Giuditta and 


Singer, 662 
Reticulocyte(s): Protein synthesis, Ra- 
binovitz and McGarth, 2091 
Rabinovitz and Olson, 2085 
Retina: Metabolism, Futterman and 
Kinoshita, 723 


Rhodospirillum rubrum: Chromato- 
phores; photooxidations catalyzed, 
anerobic conditions, Vernon, 

1883 
—, succinate; pyridine nucleotide 
photoreduction, Vernon and Ash, 


1878 
Extract, reactions, cytochrome c and 
cytochrome c2, Smith, 1571 


—, respiration and __ light-induced 
phosphorylation, Smith and Balt- 


scheffsky, 1575 
Rhodanese: Crystalline beef kidney, 
Westley and Green, 2325 


Liver and kidney, biochemical prop- 
erties, comparison, Westley, 

1857 

Ribitol dehydrogenase: Reaction mech- 

anism, study, Nordlie and Fromm, 

2523 

Ribityllumazine: 6,7-Dimethyl]-8-. See 

Dimethyl-8-ribityllumazine, 6,7-, 

Riboflavin: Deficiency, effect, trypto- 

phan metabolism, liver and kidney 


tissue, Sylianco and Berg, 912 
Hepatic kynurenine hydroxylase, and, 
Stevens and Henderson, 1191 


Phosphate-dependent photosynthetic 
phosphorylation, spinach chloro- 
plasts, oxygen effect, Nakamoto, 
Krogmann, and Vennesland, 

2783 

Ribonuclease(s): Activity, altered sec- 
ondary structure, effect, Kalnitsky 
and Resnick, 1714 

—, disulfide bonds, relationship, 

Resnick, Carter, and Kalnitsky, 
1711 

Antigenic structure; hydrogen and 

disulfide bonds, study, Brown, De- 


3353 


Ribonuclease(s)—Continued: 

laney, Levine, and Van Vunakis, 
2043 

Chromatography, carboxymethyl] cel- 
lulose columns, Taborsky, 1652 
Inactivation, iodoacetate; amino acid 
residues, Gundlach, Stein, and 
Moore, 1754 
Inhibited, alanine-dependent, adeno- 
sine 5’-phosphate conversion, aden- 
osine triphosphate, Holley and 


Goldstein, 1765 
Oxidative phosphorylation, mitochon- 
dria, effect, Hanson, 1303 


Pancreas, isolation and characteriza- 
tion, Agvist and Anfinsen, 

1112 

Pancreatic; bovine and ovine, struc- 

tures, study, An/finsen, Aqvist, 


Cooke, and J énsson, 1118 
Phosphorylation, inactivation, Tabor- 
sky, 2915 


Subtilisin-modified, antisera, interac- 
tion, native ribonuclease, Singer 
and Richards, 2911 

—-—; peptide, protein components, 
separation, Richards, and Vithaya- 
thil, 1459 

Ribonucleic acid(s): Chromium, manga- 
nese, nickel, and iron in; Wacker 
and Vallee, 3257 

Degradation, inhibition, bacteria, 

spermine, Herbst and Doctor, 
1497 

Enzymatic digestion, Kalnitsky, 
Hummel, and Dierks, 1512 

Fractions, from liver, isolation and 
characterization, Goldthwait, 

3245 

—, — —, metabolic study, in vitro, 
Goldthwait, 3251 

Intracellular distribution, pancreas, 
tissue fractionation, study, Van 
Lancker and Holtzer, 2359 

Nuclear. See Nuclear ribonucleic 
acid 

P®-labeled, Ortiz and Ochoa, 1208 

Yeast; trace nucleotides, Davis, Car- 
lucci, and Roubein, 1525 

—; urea and electrolytes, influence, 
Hummel and Kalnitsky, 1517 

Ribonucleoprotein: Liver microsomes, 
ultracentrifugal study, Hamilton, 
and Petermann, 1441 

Particles, liver, proteins, amino acid 
composition, Crampton and Peter- 
mann, — 2642 

Ribonucleoside: 6-Mercaptopurine and, 
action, mammalian cells, in culture, 
Hakala and Nichol, 3224 

Ribonucleotide(s): Polydeoxynucleotide 


2 
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Ribonucleotide(s)—Continued: 
material, enzymatic incorporation, 
Hurwitz, 2351 


Purine; phosphoribosylpyrophosphate 
amidotransferase, activity regula- 
tions; purine biosynthesis, poten- 
tial feedback control, Wyngaarden 
and Ashton 1492 

Ribose: Biosynthesis, Escherichia coli, 
Bagatell, Wright, and Sable, 


1369 
Labeling, 1- and 2-C™-glycine, liver, 
Shreeve, 246 


Ribose-1-C"*: Glycolate, biosynthesis; in 
tobacco leaves, Griffith and Byer- 


rum, 762 
Ribulokinase: p-; Acrobacter aerogenes, 
Fromm, 3097 


Ruminococcus flavefaciens: Cell ex- 
tracts, cellobiose, phosphorylysis 
and synthesis, Ayers, 2819 


S*: See Selenium-35 

Saccharomyces cerevisiae: p-Amino- 
benzoic acid, inhibition; aromatic 
amino acids, reversal, Reed, Schram, 
and Loveless, 904 

Salicyl glucuronides: Biosynthesis, by 
tissue slices, Schacter, Kass, and 


Lannon, 201 
Salicylate: Acetate metabolism, effects, 
Smith, 144 


Salivary gland(s): Iodide peroxidase, an- 
tithyroid compounds, inhibition, 
Alexander, 1530 

Salmon: Oncorhynchus  tschawytscha, 
sperm; protamine, physical and 
chemical properties, anion binding 
characteristics, Carroll, Callanan, 
and Saroff, 2314 

Scurvy: Dehydrogenase activity, tis- 
sues, Banerjee, Biswas, and Singh, 

405 

Tricarboxylic acid cycle, operation, 
study, Banerjee and Kawishwar, 

1347 

Urinary excretion, pyruvic acid, a- 

ketoglutaric acid, and oxaloacetic 

acid, Banerjee and Biswas, 3094 

Sedimentation velocity: Coenzyme, ef- 
fect, Frieden, 809 

Sedoheptulose monophosphate: Liver, 
natural occurrence, Nigam, Sie, 
and Fishman, 1955 

Nucleoside, conversion to, by liver, 
Sie, Nigam, and Fishman, 1202 

Seedling(s): Peanut and sunflower; fat 
conversion, to carbohydrate, Brad- 
beer and Stumpf, 498 

Selenium-35: CC", association rate, 


Subject Index 


Selenium-35—Continued: 
plasma _ protein fractions, after 
Na2S*O,, glycine-C™, or glucose-C™ 
administration, Richmond, 2713 
Amino acids. See Amino acid(s) 
Selenium-75: Mercapturic acid frac- 
tion, urine, McConnell, Kreamer 


and Roth, 2932 
Serine: L-; Enzyme, deaminates, Selim 
and Greenberg, 1474 


Glycine, deoxypyridoxine, and, inter- 
relationships, vitamin B,-deficient 
rats; endogenous oxalate synthesis, 
Gershoff and Faragalla, 2391 

p- and L-; Metabolism, Minthorn, 
Mourkides, and Koeppe, 3205 

L-; O-Phospho-L-serine; enzymatic 
exchange, Borkenhagen and Ken- 
nedy, 849 

L-; Phosphoserine, exchange, Neu- 
haus and Byrne, 109 

Serotonin: (5-Hydroxytryptamine), me- 
tabolism, McIsaac and Page, 
858 
Serum: Trypsin inhibitors; a-inhibitor, 
isolation, characterization, Bundy 
and Mehl, 1124 
Serum albumin: See Albumin 
Serum alkaline phosphatase: ‘Tissue 
sources, immunochemical proce- 
dures, Schlamowitz and Bodansky, 
1433 
Serum amylase: Electrophoretic —be- 
havior, McGeachin and Lewis, 
795 
Serum phospholipide: Chromatography, 
infrared spectrophotometry, analy- 


sis, Nelson and Freeman, 1375 
Sialic acid(s): Thiobarbituric acid as- 
say, Warren, 1971 


Silicic acid: Chromatography; choles- 
terol esters, fractionation, Alein 
and Janssen, 1417 

Silicone-impregnated paper: Chroma- 
tography, coenzyme Q, Lester and 
Ramasarma, 672 

Snake: Venom; nerve growth-promoting 
protein; purification and metabolic 


effects, Cohen, 1129 
—, phosphodiesterase, Razzell and 
Khorana, 2105 


Sodium: Transport, active; isolated 
toad bladder, Leaf, Page, and An- 


derson, 1625 
Sodium ions: Deoxyribonuclease II, 
Shack, 3003 


Spectrophotometry: Infrared; serum 
phospholipide analysis, Nelson and 
Freeman, 1375 

Method; chymotrypsin, assay, Mar- 
tin, Golubow, and Axelrod, 294 


Vol. 234 


Sperm: Salmon, Oncorhynchys tschawyt- 
scha; protamine, physical and 
chemical properties, anion binding 
characteristics, Carroll, Callanan, 
and Saroff, 2314 

Spermine: Ribonucleic acid degradation 
inhibition, bacteria, Herbst and 
Doctor, 1497 

Spleen: Cathepsin C, properties, puri- 
fication, de la Haba, Cammarata, 
and Timasheff, 316 

Spinach: Chloroplast preparations, pho- 
tophosphorylating; phosphorus, 
distribution, Nakamura, Chow, and 
Vennesland, 2202 

Chloroplasts, digitonin-fragmented; 
photophosphorylation, Koukol, 
Chow, and Vennesland, 2196 

—; oxidative photosynthetic phos- 
phorylation, Krogmann and Ven- 
nesland, 2205 

Preparations; pyrophosphate and 
adenosine triphosphate, amino acid 
dependent exchange, Marcus, 

1238 

Squalene: Biogenesis mechanism, meva- 


lonic acid, Rilling and Bloch, 


1424 
Mevalonic acid, rat liver enzyme sys- 
tem, Witting and Porter, 2841 


Staphylococcus aureus: Cell wall com- 
position, relation to penicillin ac- 
tion mechanism, Strominger, Park, 
and Thompson, 3263 

Gentian violet inhibited; uridine and 
cytidine nucleotide accumulation, 
Strominger, 1520 

Starch: Amyloglucosidase, Aspergillus 

niger, action, Pazur and Ando, 
1966 

Steroid(s): Bacterial oxidation; ring A 
dehydrogenation, enzymatic mech- 
anism, study, Levy and Talalay, 


2014 
— —; Levy and Talalay, 2009 
Bile acids, Samuelsson, 2852 


— —, cholic and deoxycholic acid, 
interconversion, Lindstedt and Sam- 
uelsson, 2026 

— —+; deoxycholic acid, formation 
mechanism, Bergstrom, Lindstedt, 
and Samuelsson, 2022 

Biological aromatization, Ryan, 

268 

C-16-oxygenated; metabolism, by 

placenta; estriol formation, Ryan, 
2006 

Synthesis in vitro; fetal adrenal gland 
slices, Bloch and Benirschke, 

1085 

Urinary acetaldehydogenic; preg- 


Su 


Su 


Su 


| 


1959 


Steroid(s)—Continued: 
nane-3a,17a,20a-triol, pregnane- 
3a ,17a,20a-triol-ll-one; separa- 
tion and quantitative estimation, 


Cox, 1693 
38-Hydroxy-A®-. See 36-Hydroxy- 
A®-steroids 
Steroid glucuronides: Plasma, isolation, 
characterization, measurement, 
Cohn and Bondy, 31 


Steroid hormones: Muscle, influence of; 
vitamin E deficiency, study, Rosen- 
krantz, 35 

Steroid-protein conjugates: Erlanger, 
Borek, Beiser, and Lieberman, 


1090 

Steroid-protein interactions: Westphal 
and Ashley, 2847 
Sterol(s): Dermestes vulpinis, Clark, and 
Bloch, 2583 
Sterol synthesis: Absence, in insects, 
Clark and Bloch, 2578 


Streptococcus: Group A, _ hyaluronic 
acid biosynthesis, Markovitz, Cifo- 
nelli, and Dorfman, 2343 

Streptococcus faecalis: Folic acid me- 
tabolism, pyrimethamine, effect, 
Wood and Hitchings, 2377 

Streptococcus lactis: Ornithine-citrul- 
line enzyme, properties and biotin 
content, Ravel, Grona, Humphreys, 
and Shive, 1452 

Streptomyces olivaceus: Glucose dis- 
similation, Maitra and Roy, 

2497 

Strontium: Calcium and; bone tissue, 
relative retention, Alexander and 
Nusbaum, 418 

Subtilisin-modified ribonuclease: anti- 
sera, native ribonuclease, interac- 
tion, Singer and Richards, 2911 

Peptide, protein components, separa- 
tion, Richards and Vithayathil, 
1459 

Succinate: Formation mechanism, As- 
caris lumbricoides muscle, Saz and 
Vidrine, 2001 

Oxidation, regulation, liver mitochon- 
dria, vitamin E, effect, Corwin and 
Schwarz, 191 

Rhodospirillum rubrum chromato- 
phores; pyridine nucleotide photo- 
reduction, Vernon and Ash, 

1878 

Succinic dehydrogenase: Study, (Giu- 
ditta and Singer, 662, 666 

Succinic oxidase(s): Carbony] reagents, 
inhibition, Westerfeld, Richert, and 
Bloom, 1889 

Succinic semialdehyde dehydrogenase: 
Jakoby and Scott, 937 


Subject Index 


Succinoxidase: Activity; intestinal mu- 
cosa, inhibitory effect, study, Naka- 
mura, Pichette, Broitman, Bezman, 


Zamcheck, and Vitale, 206 
Succinyl-L-diaminopimelic acid: .V-, Gil- 
varg, 2955 


Sucrose: Isotonic; osmotic behavior, 
mitochondria, phlorizin effect, Kel- 
ler and Lotspetch, 991 
Inaccessible space, osmotic behavior, 
mitochondrial pellets, from liver, 
Malamed and Recknagel, 3027 
Sugar(s): 2-Deoxy. See 2-deoxy sugars 
Phosphate levels; mitochondrial Pas- 
teur effect, Aisenberg, 441 
Transport, inhibition; phloretin and 
analogues, attachment to erythro- 
cytes, connection, LeFevre and Mar- 
shall, 3022 
Sulfhydryl: Amperometric _ titration, 
urea, 8 M, proteins, Carter, 1705 
Groups; microsomal cytochrome re- 
ductase, reactive, Strittmatter, 


2661 
Sulfite: Proteins, reaction, study, 
Bailey and Cole, 1733 


Sulfur-containing compounds: Diistri- 
bution, penicillin fermentations, 
Tarrdew and Johnson, 1950 

Sulfurylation: Choline, mechanism, Kaji 
and Gregory, 3007 

Enzymatic, tyrosine derivatives, Segal 
Mologne, 909 

Sunflower seedlings: fat conversion, to 

carbohydrate, Bradbeer and Stumpf, 
498 

Synovial fluid: Bovine; thyroxine-bind- 

ing protein, Neuhaus and Sogoian, 
821 
Synthetase: Carbamyl phosphate. See 
Carbamy] phosphate synthetase 
Glutamine, and glutamotransferase, 
of brain; manganous and magne- 
sium ions concentration, effect, 
Greenberg and Lichtenstein, 2337 
2-Keto-3-deoxy-p-arabo-heptonic acid 
7-phosphate, Srinivasan and Sprin- 
son, 716 
2-Keto-3-deoxy-8-phosphooctonic 
acid. See 2-Keto-3-deoxy-8-phos- 
phooctonic acid synthetase 


T 


Testis: Cholesterol origin, in rat; die- 
tary versus endogenous contribu- 
tions, Morris and Charkoff, 1095 

Estrogen biosynthesis, Nyman, Get- 
ger, and Goldzieher, 16 

Tetrachloride: Carbon. See Carbon 
tetrachloride 

Tetrose diphosphate: Glyceraldehyde 3- 


3359 


Tetrose diphosphate—C ontinued: 
phosphate dehydrogenase, inhibi- 
tor, Racker, Klybas, and Schramm, 

2510 

Tissue(s): Adenine-8-C™ transport, by 

blood cells, Henderson and LePage, 
3219 

—. See Adipose tissue 
Adrenal; corticoid production, Koritz 
and Péron, 3122 
Animal, diphosphopyridine nucleo- 
tidases; pyridine derivatives, effect, 
Kaplan, Ciotti, van Eys, and Bur- 
ton, 134 
— ; formate metabolism, Oro and Rap- 
poport, 1661 
—, propionic acid metabolism, Tietz 
and Ochoa, 1394 
Bone; strontium and calcium, rela- 
tive retention, Alexander and Nus- 


baum, 418 
Calcified, metabolic activity, Van 
Reen, 1951 


Cell division; C'-acetate, incorpora- 
tion, lipides, Johnson and Albert, 
22 

Connective, from polyvinyl sponge, 
enzyme activities, Woessner and 


Boucek, 3296 
Culture, mammalian cells, transami- 
nation reactions, Barban and 
Schulze, $29 


—; phenylalanine and tyrosine, re- 
quirement, study, Morton and Mor- 


gan, 2698 
Electric; acetylcholinesterase, partial 
purification, Lawler, 799 
Fractionation, pancreas; study, Van 
Lancker and Holtzer, 2359 


Indole-3-acetic acid, estimation, 
method, Weissbach, King, Sjo- 
erdsma, and Udenfriend, 81 

Kidney; citrate oxidation, phosphate 
oxidation, DeLuca, Gran, Reiser, 
and Steenbock, 1912 

Liver and kidney; tryptophan metab- 
olism, riboflavin deficiency, effect, 
Sylianco and Berg, 912 

Mammalian; coenzyme analogues, re- 
action determination, Stein, Kap- 
lan, and Ciotti, 979 

—, fraction, phosphatido-peptide, 
phosphorus, composition, distribu- 
tion, turnover, study, Huggins and 


Cohn, 257 
Nucleotide interconversions, Maley 
and Maley, 2975 


Ovarian; progesterone conversion, 
4-pregnen-20a@-ol-3-one, Wiest, 

3115 

Palmitate-1-C™, albumin bound, oxi- 
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Tissue(s)— ontinued: 
dation by, Milstein and Driscoll, 
19 
Permeability, study, Kipnis, Helm- 
reich, and Cori, 165 
Kipnis and Cori, 171 


Proteins; hydroxyproline, incorpora- 
tion, by chick embryos, Mitoma, 
Smith, Friedberg, and Rayford, 


78 

—, from mercapturic acids, Smith and 
Wood, 3192 
Purine biosynthesis de novo, Hender- 
son and LePage, 2364 
Scurvy, dehydrogenase activity, Ban- 
erjee, Biswas, and Singh, 405 


Serum alkaline phosphatase, sources; 
immunochemical procedures, Schla- 
mowitz and Bodansky, 1433 

Slices; salicy] glucuronides, biosynthe- 
sis, Schacter, Kass, and Lannon, 

201 

Thermal conversion: Deoxyribonucleic 

acid, from nonpriming to primer, 

Bollum, 2733 

Thiamine: Analogues; pyruvate decar- 
boxylation, Yount and Metzler, 

738 

Pyruvate decarboxylation, 


733 
Thienylalanine: 8-2-; tripeptides, prep- 
aration, microbiological properties, 
Dunn, 802 
Thiobarbituric acid: Malonaldehyde-, 
reaction; 2-deoxy sugars, estima- 
tion, colorimetric method, Warav- 
dekar and Saslaw, 1945 
Sialic acids, assay, Warren, 1971 
Thioctic acid: Enzyme, liberates protein- 
bound; purification, from yeast, 
161 
Role, a-ketoglutaric dehydrogenase, 
Sanadi, Langley, and White, 183 
Thiol(s): Acety! imidazole, reactions, 
catalysis, Jencks and Carriuolo, 
1280 
Thiotaurine: In urine, cystine fed rats, 
Cavallini, De Marco, and Mondovi, 
S54 
Thiourea: Desulfuration; thyroid cyto- 
plasmic particulate fractions, Ma- 
loof and Spector, 949 
Threonine: Depletion; bacterial cell wall 
synthesis, effect, Shockman, 
2340 
Threose: 2,4-dliphosphate, p-; p-glycer- 
aldehyde 3-phosphate dehydrogen- 
ase, inhibition, Fluharty and Ballou, 
2517 


Yatco- 
Manzo, Roddy, Yount, and Metzler, - 


Subject Index 


Thrombin-induced co-fibrin formation: 
Gladner, Folk, Laki, and Carroll, 
62 
Folk, Gladner, and Laki, 67 
Folk, Glander, and Levin, 2317 
Thymidylate synthetase: Escherichia 
coli, bacteriophage-infected, Flaks 
and Cohen, 298 1 
— —, thymine-requiring, T2 and T5 
bacteriophage infected, Barner and 
Cohen, 2987 
Thymidylic acid: Deoxycytidylic acid, 
conversion, Maley and Maley, 
2978 
Thymine: Biosynthesis, chick bone mar- 
row, vitamin Bio, role, Dinning and 
Young, 1199 
Derivative, growth support, ability, 
mammalian cells in culture, Hakala 
and Taylor, 126 
Escherichia coli requirement, T2, T5 
bacteriophages, thymidylate syn- 
thetase, Barner and Cohen, 2987 
Thymine: Vitamin Biz and, biosynthe- 
sis, Dinning and Young, 3241 
Thymine-5-bromouracil: Deoxyribonu- 
cleic acids, Escherichia coli, study, 
Zamenhof, Rich, and De Giovanni, 
2960 
Thyroid: Cytoplasmic particulate frac- 
tions; thiourea desulfuration, Ma- 
loof and Spector, 949 
Iodide peroxidase; antithyroid com- 
pounds, inhibition, Alexander, 
1530 
Thyroxine: Binding protein, bovine 
synovial fluid, Neuhaus and Sogo- 
van, 821 
I'3!_Llabeled, mammary gland, metabo- 
lism, Potter, Tong, and Chaikoff, 
350 
Induced swelling, reversal, liver mito- 
chondria, adenosine triphosphate, 
Lehninger, 2187 
A‘-3-Ketosteroids, enzymic reduction, 
effects, McGuire and Tomkins, 
791 
Oxidation, hydrogen donors, peroxi- 
dase system, effect, Alebanoff, 
2437 
Reduced pyridine nucleotides, peroxi- 
dase svstem, effect, Alebanoff, 
2480 
Tobacco: Leaves; glycolic acid, relation- 
ship to respiration and photosyn- 


thesis, Zelitch, 3077 
—; organic acids, metabolism, Vick- 
ery, 1363 


—; ribose-1-C™, glycolate, biosynthe- 
sis, Griffith and Byerrum, 762 
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Tobacco—Continued: 
Tryptophan-niacin, relationship, lack 
of, Henderson, Someroski, Rao, Wu, 
Griffith, and Byerrum, 93 
Tocopherol: Ascorbic acid synthesis, 
liver homogenates, vitamin E-de- 
ficient rate, Carpenter, Kitabchi, 
McCay, and Caputto, 2814 
Tomato: Carotenoids; mevalonic acid 
incorporation, Purcell, Thompson, 
and Bonner, 1081 
Homogenates; lycopene biosynthesis, 
Shneour and Zabin, 770 
Transamidination: Nephrectomized rat, 
Horner, 2386 
Transaminase: Activity, glucocortico- 
steroids, Rosen, Roberts, and Nichol, 
476 
—, glutamic-pyruvic, gluconeogene- 
sis, Rosen, Roberts, and Nichol, 
476 
—, liver, Auerbach and Waisman, 
304 
—, Neurospora crassa, Seecof and 
Wagner, 2689 
Seecof and Wagner, 2694 
—, tyrosine-a-ketoglutarate; liver, 
Serent, Kenney, and Kretchmer, 
609 
y-Aminobutyric-glutamic. See y- 
Aminobutyric-glutamic transami- 
nase 
Glutamic-y-aminobutyric. See Glu- 
tamic-y-aminobutyric transaminase 
— —. See Glutamic aspartic trans- 
aminase 
Kyvnurenine. See Kynurenine trans- 
aminase 
Phenylpyruvate. See Phenylpyru- 
vate transaminase 
Tyrosine-a-ketoglutarate, liver, prop- 
erties, Kenney, 2707 
Transamination reaction(s): Mammalian 
cells, tissue culture, Barban and 
Schulze, 829 
Transcellular concentration: Conse- 
quence, intracellular accumulation, 
Oxender and Christensen, 2321 
Transhydrogenase: Estrogen-sensitive; 
separation, estradiol-17@8 dehydro- 
genase, Hagerman and Villee, 
2031 
Pyridine nucleotide. See Pyridine 
nucleotide transhydrogenase 
Transmethylation: Ergothioneine, bio- 
synthesis, Melville, Ludwig, Ina- 
mine, and Rachele, 1195 
Transpeptidase: y-Glutamyl; amino 
acids, glutathione reaction, Revel 
and Ball, 577 
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T 


1959 


Triazole: 3-Amino-1,-,4-; antithyroid 
action, Alexander, 148 
Tricarboxylic acid: Cycle; operation, 
scurvy, study, Banerjee and Ka- 
wishwar, 1347 
Triiodothyronine: I*!-labeled, mam- 
mary gland, metabolism, Potter, 
Tong, and Charkoff, 350 
Triosephosphate isomerase: Reaction 


mechanism, Rieder and Rose, 


1007 
Tripeptide(s): Collagen, Schrohenloher, 
Ogle, and Logan, 38 


B-2-Thienylalanine; preparation, mi- 
crobiological properties, Dunn, 
802 
Triphosphate: Adenosine. See Adeno- 
sine triphosphate 
Adenosine See Adenosine 5’- 
triphosphate 
Triphosphopyridine: Nucleotide-cyto- 
chrome c reductase; heart muscle, 
Lang and Nason, 1874 
Triphosphopyridine nucleotide: Glyc- 
eraldehyde phosphate dehydrogen- 
ase activity, Brenneman and Volk 


2443 
Reduced; oxidation, ascites tumor 
cells, Wenner, 2472 


System; oxidation-reduction poten- 
tials, Rodkey and Donovan, 677 
Triton: Liver treated with, cholesterol 
biosynthesis, Bucher, McGarrahan, 


Gould, and Loud, 262 
Tropomyosin(s): Vertebrates, study, 
Saad, Kominz and Lak, 551 


Trypsin: Inhibitors, serum, a:-inhbitor, 
isolation, characterization, Bundy 
and Mehl, 1124 

Reversible inactivation, anhydrous 
formic acid, Smillie and Neurath, 
355 

Trypsinogen: Cathepsin B, activation, 
Greenbaum, Hirshkowitz, and Sho- 
ichet, 2885 

Tryptamine: Formation, in animals, 
Weissbach, King, Sjoerdsma, and 
U'denfriend, 81 

Tryptophan: Independence, tryptophan 
pyrrolase inductions, Civen and 
Knox, 1787 

Metabolism; liver and kidney tissue, 
riboflavin deficiency, effect, Syli- 


anco and Berg, 912 
Peroxidase; activity, mammalian 
liver, controlling mechanisms, .Ve- 
meth, 2921 
—-oxidase; liver, activity, Auerbach 
and Waisman, 304 


Pyrrolase; hydrocortisone and trypto- 


Subject Index 
Tryptophan—Continued: 
phan induction, independence, 
Civen and Knox, 1787 


—; pseudomonas and liver, reaction, 
nature and mechanism, Tanaka and 
Knox, 1162 

Tryptophan-a-C™; Metabolism, 
Gholson, Henderson, Mourkides, 
Hill, Koeppe, 96 

Tryptophan-niacin: Relationship, lack 
of, corn and tobacco, Henderson, 
Someroski, Rao, Wu, Griffith, and 


Byerrum, 93 
Tubercle bacillus: Fatty acids, complex- 
ity, Agre and Cason, 2555 


— —, separation, gas chromatog- 
raphy; oleic acid identification, 
Cason and Tavs, 1401 

Tumor(s): Ascites; leucine aminopepti- 
dase fragments, Patterson, 2327 

Cells, ascites; Pasteur effect and crab- 
tree effect, Wu and Racker, 1036 

—, —; glycolysis, Wu and Racker, 

1029 

—, —; mitochondria, crossover phe- 
nomena; metabolic control mecha- 
nisms, Chance and Hess, 2413 

—, -—; biochemical characteristic, 
Nirenberg, 3088 

—, —; glucose-oxygen titrations, 
Hess and Chance, 3031 

—, —; reduced triphosphopyridine 
nucleotide, oxidation, Wenner, 

2472 

—, —; oxygen utilization, metabolic 

control mechanisms, Chance and 


Hess, 2416 
Mast cell; heparin isolation, Aorn, 

1325 
— —;— synthesis, Korn, 1321 
Purine biosynthesis de novo, Hender- 

son and LePage, 2364 


Pyrimidine metabolism, interference 
6-azauridine biochemical activity, 
Pasternak and Handschumacher, 

2992 

Sterols; preputial gland, AKandutsch 

and Russell, 2037 
Tyramine: Oxidation, peroxidase, Gross 
and Sizer, 1611 
Tyrosinamide: C'4-; mitochondrial pro- 
teins, labeling, Zioudrou and Fru- 
ton, 583 
Tyrosinase: ‘Tyrosine-containing pep- 
tides, oxidation, Yasunobu, Peter- 
son, and Mason, 3291 
Tyrosine: Carbobenzoxy-L-;  p-nitro- 
phenyl ester. See Carbobenzoxy- 
L-tyrosine p-nitrophenyl ester 
Peptides containing; oxidation, by 


3357 
Tyrosine—Continued: 

tyrosinase, Yasunobu, Peterson, 
and Mason, 3291 
Derivatives; enzymatic sulfurylation, 
Segal and Mologne, 909 
Oxidation system, liver, Zannoni and 
La Du, 2925 


—, peroxidase, Gross and Sizer, 
1611 
Phenylalanine, enzymatic conversion, 
mechanism, study, Kaufman, 


2677 
Tissue cultures, requirement, study, 
Morton and Morgan, 2698 


Tyrosine-a-ketoglutarate transaminase: 
Activity, liver, Sereni, Kenney, and 
Kretchmer, 609 

Liver, properties, Kenney, 2707 

Tyrosyladenylate: C'-; mitochondrial 
proteins, labeling, Zioudrou and 
Fruton, 583 


U 


Udder: Perfused bovine; 8-hydroxybu- 
tvrate and acetate metabolism, 
Kumar, Lakshmanan, and Shaw, 

754 

Ultraviolet light: Liver mitochondria, 
oxidative phosphorylation, vitamin 
K, effect, Anderson and Dallam, 

409 

Mitochondria, effect, Beyer, 688 
Near-; treatment, vitamin K,, oxida- 
tive phosphorylation, restoration, 
Beyer, 688 

Urea: Carbon-labeled; metabolism, 
germ-free rat, Levenson, Crowley, 
Horowitz, and Malm, 2061 

Crystalline papain, activity and opti- 
cal rotation, effect, Hill, Schwartz, 


and Smith, 572 
Influence, yeast ribonucleic acid, 
Hummel and Kalnitsky, 1517 


8 M, Proteins; disulfide and sulfhy- 
dryl, amperometric titration, Car- 


ter, 1705 

Synthesis, biochemistry, Brown, 

Brown, and Cohen, 1775 

—; comparative biochemistry, Brown 

and Cohen, . 1769 

Urea cycle: Enzythes. See under En- 
zymes 


Uridine diphosphoacetylgalactosamine: 
Preparation, Strominger and Smith, 
1828 

Uridine diphosphoacetylglucosamine py- 
rophosphorylase: Strominger and 
Smith, 1822 
Uridine nucleotide(s): Accumulation, 
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Uridine nucleotide(s)—Continued: 

Staphylococcus aureus, gentian vio- 
let inhibited, Strominger, 1520 
Cell-free extracts, biosynthesis, Mar- 

kovitz, Cifonelli, and Dorfman, 
2343 
Urinary metabolite: \-(6-Hydroxy-2- 
fluroenyl) acetamide; after injec- 
tion, N-2-fluorenylacetamide, Wezs- 
burger, Weisburger, Grantham, and 
Morris, 2138 
Urine: H*-cholesterol; H*-cortisol, isola- 
tion from, Werbin, Chaikoff, and 
Jones, 282 
Mercapturic acid fraction, selenium- 
75, McConnell, Kreamer, and Roth, 
2932 
Nicotinic acid, metabolite; V-methyl- 
4-pyridone-5-carboxamide, Chang 


and Johnson, 1817 
Quinoline derivatives, identification, 
Roy and Price, 2759 


Thiotaurine in, cystine fed rats, Caval- 
lini, De Marco, and Mondovi, 

854 

Urocanase: Activity, product; 4(5)-imi- 

dazolone-5(4)-propionic acid, en- 

zymatic formation, stabilization, 

purification, and properties, Brown 

and Kies, 3188 

Urocanic acid: knzymic decomposition, 
study, Feinberg, and Greenberg, 

70 

Uroporphyrin(s): Hepta-, hexa-, and 

pentacarboxylic porphyrins, of por- 

phyria cutanea tarda; preparation 

by stepwise decarboxylation, Chu 

and Chu, 2747 

Uterus: Phenol-activated oxidation, re- 

duced nucleotides, study, Hollan- 

der and Stephens, 1901 


V 


Valine: Analogue; hemoglobin synthe- 
sis, pathway interruption, Rabino- 
vitz and McGrath, 2091 

Biosynthesis, Neurospora crassa mu- 
tant, Wagner, Bergquist, and For- 
rest, 99 

Valine-1-C™: Protein, incorporation, 
submitochondrial fractions, Aalf 
and Simpson, 2943 

Venom: Phosphodiesterase; deoxyribo- 
oligonucleotides; enzymic degrada- 
tion, polynucleotides, study, Raz- 
zell and Khorana, 2114 

Snake; nerve growth-promoting pro- 
tein; purification and metabolic ef- 
fects, Cohen, 1129 

phosphodiesterase, substrate spec- 


Subject Index 


Venom—Continued: 
ificity and properties; enzy- 
mic degradation; polynucleotides, 
study, Razzell and Khorana, 
2105 
Vertebrate(s): Tropomyosins, study, 
Saad, Kominz, and Laki, 551 
Virus: Infected, and normal, Escherichia 
coli; deoxyribonucleotide kinases, 
Bessman, 2735 
Virus induced acquisition: Metabolic 
function, Flaks and Cohen, 1501 
Flar, Lichtenstein, and Cohen, 


1507 
Flaks and Cohen, 2981 
Barner and Cohen, 2987 


Vitamin(s): Bg, deficiency; glutamic acid 
accumulation, Lactobacillus ara- 
binosus, effect, Holden, 872 

—-deficient rats; glycine, serine and 
deoxypyridoxine, and endogenous 
oxalate synthesis, interrelation- 
ships, Gershoff, and Faragalla, 

2391 

Bie; deficiency, deoxyribonucleic acid 
biosynthesis, chick embryo, Bolin- 
der and Reichard, 2723 

—, thymine biosynthesis, chick bone 
marrow, role, Dinning and Young, 


1199 
—, thymine biosynthesis, study, Din- 
ning and Young, 3241 


E, deficiency, study; steroid —hor- 
mones, influence on muscle, Rosen- 
krantz, 35 

—-deficient rabbits; L-methylhisti- 
dine, excretion, Fink, Williams, and 
Fink, 1182 

—-rats; tocopherol, ascorbie acid 
synthesis, liver homogenates, Car- 
penter, Kitabchi, McCay, and Ca- 
putto, 2814 

—, Succinate oxidation, regulation, 
liver mitochondria, effect, Corwin 
and Schwarz, 19] 

Ky, oxidative phosphorylation, liver 
mitochondria, ultraviolet light, ef- 
fect, Anderson and Dallam, 409 

—, oxidative phosphorylation, res- 
toration, near-ultraviolet — treat- 
ment, Beyer, 688 

Vitreous body: Structure, biochemical 
changes, Balazs, Laurent, and Lau- 
rent, 422 


W 
Water: Anions, acyl transfer, acetyl 
imidazole reactions, Jencks and Car- 
riuolo, 1272 
Reduced diphosphopyridine nucleo- 


Vol. 234 


Water—Continued: 
tide and; hydrogen exchange, Drys- 
dale, 2399 


Wedgewood: Iris tingitana. See Iris 
tingitana var. wedgewood 

Wheat: Germ, 2,3-diphosphoglycerate 

from; phosphoglyceric acid, mutase 

activity, Ito and Grisolia, 242 

Leaves, juice, diphosphopyridine nu- 
cleotide, hydrolysis, Roberts, 

655 


xX 


Xanthochymus_~ guttiferae: Garcinia 
leaves, enzyme, condensing, Desh- 
pande and Ramakrishnan, 1929 

Xanthine oxidase: Carbonyl reagents, 
inhibition, Westerfeld, Richert, and 


Bloom, 1889 
Inhibitors, study, Westerfeld, Richert, 
and Higgins, 1897 


X-irradiation: Whole-body, effect, glu- 
cose oxidation; small intestine 
mucosa in vitro, Kay and Enten- 
man, 1634 

Xylosyl: Transfer, asparagus extract, 
Feingold, Neufeld, and Hassid, 


488 
Xylulose: Enzymatic assay, Hickman 
and Ashwell, 738 


L-, Formation mechanism, kidney en- 
zymes, study, Ashwell, Kanfer, and 
Burns, 472 


Y 


Yeast(s): Baker’s, crossover phenomena; 
phosphorylation efficiency, intact 


cell, Chance 3036 
Cells, phosphorylation and dephos- 
phorylation, Chance, 3041 


Cell walls; glucomannan-protein, 
complexes, Aessler and Nickerson, 
2281 

Coenzyme <A; 6-hydroxy-8-methyl- 
glutaryl biosynthesis, Rudney and 
Ferguson, 1076 
Endo-polygalacturonase, action 
mechanism, on oligogalacturonides, 
oxidized derivatives, Patel and 
Phaff, 237 
Enolase; amino acid composition, 
amino-terminal sequence, Mal- 
strom, Kimmel, and Smith, 1108 
Enzyme, liberates protein-bound thi- 
octiec acid, purification from, Sea- 
man, 161 
Glyceraldehyde-3-phosphate dehy- 
drogenase, diphosphopyridine nu- 
cleotide, analogues, binding, Stock- 
ell, 1293 


1959 


Yeast(s)—Continued: 
Glyceraldehyde-3-phosphate dehy- 
drogenase diphosphopyridine nuc- 
leotide, binding, Stockell, 1286 
8-Hydroxy-8-methylglutaryl — coen- 


zyme A; biosynthesis, Ferguson and 


Rudney, 1072 
Isocitric lyase; purification, proper- 
ties, Olson, 


Subject Index 


Yeast(s)—Continued: 
Phosphoglucomutase; purification 
and action mechanism, McCoy and 
Najjar, 3017 


Ribonucleic acid, trace nucleotides, 
Davis, Carlucci, and Roubein 


1525 
— —,; urea and electrolytes, influence, 
Hummel and Kalnitsky, 1517 


Z 


Zinc: Alcohol dehydrogenase, Vallee, 
Williams, and Hoch, 
2621 


— —, liver, zine ions, 1,10-phenan- 
throline, formation, Vallee and 
Coombs, 2615 
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